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SUHMARY

o

An experimental investigation of the
paramegnetism due to trarsition metals in some solid state
pystems was made by the method of electron spin resonance
(ee82re)e

For this purpose, & superheterodyne electron
spin reaonence spectrometer was developed to operate at
X band frequencies., It is evident that a comparison
between such & spectrometer z2nd the more conventional
high frequency field modulation models involves a
consideration of & large nunber of faotors including the
nature of the materials being investigated. Some of these
factors were lnvestigated in detall, particular attention
being psid to the rele of microvphoniocs and klystron
frequencey fluctuations.

In the absence of facilities for cooling the
samples to ligquid Helium temperatures, it scemed to the
author that one useful way of extending existing
knowledge of parsnagnetic efifects would be by s study of
the high spin S-state ions occurring &8s impurities in
erystal lattices which had not yet been studied by e.z2.r..
These lons, e-8s En‘*, Fe*** ena ¢a*** are known to
give strong spectra at room teuperatures and so could
easily be investigated with the apparatus available.

The seerch for new materials was made by a survey of
netural minerals since these have the advantege of
posessing well known physicsl properties and orystal
struoctures.

A largze number of minersl samples were examined
for ess.r. effects, and hitherto unreported lines were
observed in the following sixteen minerals : Feldspar,
Neptunite, Apetite, Tourmaline, Panburite, Sphene,
Fungite, Scheelite,; Smithsonite, Benitoite, Apophyllite,
Chili Witre, Jade, Turquoise, iustralite and Opal, 411
these minerals, except the last two (which were glasay)



(11)
and the previous two (which were polyerystalline) gave
several distinct lines.

The spectra examined in detail were those due
to Fe in Renitoite, and ¥n'* in Spithsonite. The
Spin Haailtonlan constauts were determined in both these

TS

cases, In addition, an analysis wes msde of sonme
hitherto unrecorded forbidden lines due to Mn™*
Apatite and Scheelite, Natural Apstites and

Apophyllites were often observed to have ocharacteristiece

in

def'ect centre resonsences snd these were also analysed.

Cbservations of brosd resonance lines in
glassy Australites and Opals prompted an investigation
of the better known Borax glesses, doped with transition
netals, Here evidence for the existence of complex ions
with strong axial Jahn-Teller deformations was found.
Defect centres were also induced in Borax glasses and
studied by the method of e.8.Tse
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PREFACE

This thesis contains no material which has
been accepted for the awerd of any other degree or
diploma in any University, and 4o the best of the
candidate's knowledge and bellief, the thesis con-
tains no materisl previously published or written by
enother person except where Jue reference is made in
the text of the thesis.

The research desoribed in the thesis was
carried out in the Physiecs Depsrtment of the Univer-
sity of Adeleide during the period from Merch 1961 to
February 196L. The work was supervised by Dr. S. G.
Tomlin.

The author wishes 1o thenk Dr. 2.6. Tomlin
for many stimulating discussions and suggestions and
21s0 for his unfeilins and understanding encourage-
ment throughout the progress of the work. In sddition
he acknowledges with sincere gratitude discussions with
Ure GueJ. Troup and other members of the staff of the
Fhysics Department at Monash University. Special
thanks are due for the socess zllowed to their Q band
spcetrometer and for as:istence with the ¢ band
measurenents.

No work undertalen in this field in Australie
could fpil to show the inspiretion ané leadership of the
late Dr. G.S. Bogle of the National Standerds Laborator-
iesy, Chippendale, New South Talcs,. His guildance, and
also the ascistance of his collesgue, ¥r. H.F. Symmons,
in teking the zero field measurements on Benitoite is
gratefully acknowledged.

The author, in collaboration with ¥r, B. C.
Cavenett of the Physics Departwent at the University of
Adelaide, was recsponsible for the desizn and construc-
tion of the superheterodyne svecirometer. The
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cevities and several other microweve componentis were
built in the Fhysics Forkshop by ¥r. ¥, Jamieson.

211 programming of the data and its exe-~
cution on the Adelside University I.B.¥. 1620 Computor
was done by the suthor, as was also the programming
for the Teapons Research Establishment 7090 Computor.

The drewing of the diagrams was the work of
Hiss Heather Bsrrow and the photography was done by
Mr. G. Tomlinson and ¥iss Anne Millbank.

The candidate wishes to record his thanks
for the "Philipa Socholership® (19641) and for a
*Commonweslth Postgraduate Award® (1962«k). He is
also grateful to the Radlo Research Board of fustralia
for equipment grents.
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ghorioal.

The develospment of sentinetre vader sourses and
deheoctors during the second worid war provided s baok-
ground of expericncs snd techalgue for the posi-war develop-~
nent of siorvowave Speoirostouy.

dne iﬂ?@?%&ﬁ% brench of dthis ©field iz concerned

with 4he study of nagnebic suergy level scparations in
srsiems showling electronio ?%f&ﬂ&%ﬁ?ﬁiﬂﬁa Thieg had itz or-
sgin in experiments by Sevoisky {4945}, Cummerow and
Helliday (1946) and Bleeney end Penrose {1945} whish shovad
the pouslbility of observing rescnonses belwesn a microwave

meznetie £i0ld and e system of eleotronic dipeles nevriurbed
by Zecmaxz indernotions with segnetic Uields originating fron
both 5 variable exiternsl source and the parand stomis sgystom.
Ysuslly the bulk of fhe elzotronle wegnetie dipole measnd
hae its oripin in $he clsciren spins and so Shie B £110m e RO
ta ofton referred 4o a8 a2lectron spln rogonance OF Gefieles

These reseonaness heve boen very axbtensively

studied in recent years snd have yielded a consilderable
smound of information an & wide warlety of paramngnedic atonle
gy shemss Zeyeral review sriisley have sppeared - KEicaney
and Stevens (1953}, Bowers snd Owen (1955} and Low {195G).
tlge several intreduciory books o the subjeel have been
sublizhed by Ingrea (1953), Ingram (1958}, Pake {1962} and
Sliehter (19637

12 The Pregent Frojegt
In 1961 it wes Jdecided to devwnior an alectron

zyin rosonsnee gpootroneter st the Unlversiliy of ‘delaide.

e hiophyaiss a2né solid stad

«3

The sin ves S0 soezliat with &
physics resssrol conducted in ithe "hysics Deperiment

&

there. This decision resulted in the Tollowing



investigation by the author of the clectron spin
rezonance gpectra of transition-metal ions dispersed
in solid state systems,
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CHAPTER TI

The Epectro&eter.
T4 The fvectromeksy Usgl iwn the Tresent Frojec

Commereisl spootromslers sre of the “higt
frogueney fleld noduladion Lype” {Tinkhem (19558)).
fowever, superheterodyne ﬁyeﬁtma,gzers heve bheen
deseribed by Sehaelder and Unglsnd {1994}, Wirshon and
Fracnitel {195%), Hisra {??5%) sand Shanferov {1950, A%

the dinme this project was Indltinted, suporheterodyne
specbtromaeters were coummonly held %o be inbersatly more

sensiltive thzn those of the hipgh {reguency field
nodulstion type (Feher {1957), and so it wes deolifled to
Bulld sueh 2 model.

The overell design of tho suwperhsierodyne
speoironcter which wes developed iz indicnted by ithe
hloeck disgras in Fige2ais Here, th:e signel power Trom
o stabilised kliysbon was fed ihwouzh a veriasble atienuator

snd then coupled imto iths smample cavily via z slide-sorev
REE . The narrgagnedie resonence signel appoered as
sart of the out-ef~bal-ncs power from the byidge {741)
and fed & Balunced mixey having two zsiohed erystsal
coteoctors. Ia sddition, %his mizxer roceeived power fron
g shabilised local osoillosor kiyaston, sepsrated in
Prequeney [rom the sigusl kiysiron by 45¥e./s.. The
zoy wss Fed %0 & low noise 1.£. anplifier

-»h

sutpat of the =
snd gudio Jdefector. The zudic Preoguency detector ouiput
wns Ffed to an sudio amplifier end low pass filter and then
elither o o video displey or %2 & ochardt recorder vie &
sarrew band amnplifier and pha&&*&ﬁnaitif& detector.

The sderoweve Frequeney was neszsuwred by a Hewletd
Poekhard trensfer cseillaetor and high speed counter.
The magnedis fiecld was mencured by & ayclear megunsiioc
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regonaiice probe whose Jroguency was measured on the
geme counter.  The H,,, wode @ﬁviéy could be cooled to
Li¢uid air temperatures 2ud hed provision for rotsiting
the sasple shoud an axis in the horizontal plane while
the magnet couid bhe rotsted about 2 vertiosl aszis.

HBost of the clectronle uniﬁﬂ huilt for thig

spectroneier are of cornventiosnal designe Theilr gircuit
dingrams sre shown in Aopendix & (A9-19).  Consequently
the follewing sections deol only with those dezign

faaturess =hich are relovasat 4o o diseussion of suseiro-

AL Y 52 Tpouensy Controiler.
T:s ba?nal &1V‘urﬁh frequensy () was locized

to the Jreguengy correspending to the ninimua vslue of

the cevidy rvellestion coeffieisnt (P} By » simple con-
trollier devcloped in the Hetional Hdandards Loboratory,
Ghippendals, NeleWe, {(ses 28 zang 7)., In this cirenii,
& zmall volkage, smplitude ncdulabed st 455%c./s., was
spplied to the klysiron rellector, putiling = small {re~
augney acdulstlon on the sower led %o the esvliy.
Apy eonseguent sigone-sensitive amplitude smodulation pro-
dueced by a wovenmsnt of Lhe kiysiron fresquency Tfrom the
Loy of the cevity O curve {where P=0) wes emplified

¥ ihe Vel. rofiestor

and phese detected <o control
voltege. Thig servo loor tended %9 uneutraliss any re-
agtive shifts Trow the cavity rescnence =nd hence en-

sured that ii = {with = reaponse Bime of Lthe order of
S, 88Ce Yo

P

£

losel csolllator was &qunﬂn”“ q%gbilis&d
uith ths aid of 8 raday AeF.ls disoripinator unit
{Frogusncy Contrel Tnit Pyne 140), whose vircult
(modified) L& shows in A 45. This unit zave a D.0.



errer signal when the sig zd klystrom Tregusncy minus
the lossl oseillator freguency differed from L5He./ S..
This ervor zignel was then used to reiune the local
sosnillator kiystron by alfering the reflestor podtentisl
by means &f the contzrol cirocult chown in 2 17. This
clroeult is, efTectively, s B.0« anplifier whome corract
opereting range wes obdained by sdjusting the potentic-
pebera § 13 and 5 ke

Paier The ¥ierowave Systen.

& photograph of the notual wavegulide system
veed is shown in Fig. 2.2, and 2 slaplilisd version
rithoat stabilizetion cirovits 48 ziven in the dlsgrenm
in Fig¢ %3 {s}. )

Herse, the dransniasion 1ine leading from the
savidy coupling aysben ds ftermimated iu 3ta charseferistic
ippedanece; sml 580, neay vezonsicc, the cavity coupling
sysben cen he veprossnbed by the simpls cquivalent cir-
{Bi, {montsonery et al., (1948)).

enit
The iris and slide-serew tuner, waich apuple
the cavity o the imput gulde, reflect s geries impedance
“kﬁ) Ante 4his duned vireuii. For the following analysis,
R, onn bs Yaken as purely resistive and any {very smalil)
spoiive component will e incorporated in L. Jenca we

’f‘t?

define the "eoupling coefficient™:

£ N - N (1)

It is common in the¢ study of low freguency
rosensat cirouiis and ceviiy ccupling zsystems to speocify
losses in the sirouit by means of & U=fazotor =mhich is
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Celined annt

Zux  _snercy storad -
snergy lost ver ovels

A5

There sre a nuabor of Oe-Pscters Ain common use which,

for p sevity counling ayvsien, &1iPfer oaly in the sources
of dissipetion inecluded iz the denominetor of the
equation.. These are illustrated by e« considerastion of
the cireuit im Fige 2.3 (B).  In the sbsence of magnedis
seaonencs and externsl loeding, we aan hake %my L and
R, &2 short sirculted, and them the Q of the svetenm in
%

he so-ecalled "unloaded 09

b
g @ LI% /2
. = ,tslx /2

-]
1% /2 |
{2}
= moﬁ i

R

where w, = 4 e 28 the zngular resonent

L&
seguency of the caviiy. If ve now inelude lossas in

;{}
the exterm:l loead, we hawe the "losded Q%

In the genersl sage of magnetie resomsnces, the sanple
iatrodusss an ad@itional resiztive and reactive cou~
ponent. But shen the vavilty i: held to resencuece bWy o
freguency ccatreller 22 in our cuse, ths resctive com-

ponent venishoes and She resistive component is siven by

R, = nhikare * (3G i

ﬁ
L
g



7
(Plesney =nd Stevens (1953)), where n is the “cavity
£1lling factor®, and x''(H¥) is the imeginary com-
ponent of the suscepiibilitye. Hence we can def'ine
the "magnetic Q":

wOL

R« Ro + Rn

To complete the anslysis, we must now intro-
duce the "complex reflection coefficient™ of the cavity
for arbitrary microwave frequency and magnetic reson-
ance absorption :

n R 1(1w - ) | - R
L T o] _! o

[? « B +1(Lw--é%)]+lio

. 1
Remembering thet W, = yyg » ond using equation (3)
above this may be written :

R [ 1 +nkﬂ“(H)Q“_J + 1 % (Bz-waz) -R,

R[ 1 mmﬂ(n)gu] + i & (wz-wcz) + R

Por small excursions of w about @ , we have Amzz(m-ao)
is smell, and hence we orn write 3

' = R 1+nMx“(H)Qu _J a.:xm-’?—";;- - R ¢

oy

[:1 +ﬂéﬂ%"(H)Qu' “]* 1Lné% + R



Then substituting Pros ecussion {1) we have 3

1 & bt (0)g 4 4 BE L
u R
. 4 4
Toe mmmtt(m)e, o 2 2 2, p
Hguation (2} implios ¢hat this oen he written:

» . Aw
1 w £ s 1 - . R f~§ ? 1 A ]
£+ nbtrx®t(f)o, o 10, =

.
%

. Sy
1 & F o nxt¥{0)s 1Q e
; v Nl {u} ki e

which ean 2150 be =ut in the Torn i

4 = 3 7 i . 7
%%wia & e § 2k - (f{)c& . ii"y B3t )
s B 1 4 8057 e “u @ o

T T Lasemr(n, + 20, -2

25

%hen the tern in the squnre brockets L5 smell, this
beconent

P e =5 . | ?i% TR i

1 &« 8 T+ 8L

Finally on dnplying this sxpression, we obtain:

r~ B
L 4 w@ 4 28 é |
T g oo * £ = ﬁ@mg"{ﬁi)i‘.‘; & 45 L o
1a8 (5a8)% - .
& n 4 P



flence psramagunetic offeets, nd the noilse
nssoclated with klystron frasquoency veristions, c¢cause the
effective I of the onvity %o vary snd thus rodily the
cower reflected fvrom the cavity.

fne helf of the power reeching the savity
mogle Bee is skserbed in the satohed 10:f and the asthoer
helf goes %o the osvity. hen, one half of the poweyr
vefleeted from the cgviﬁylis sbaorbed in the isclator
(I 84 1 of Pig, 243 8 ) 2né tho other nalf is szein
halved by the second magic %ee before it reschos the
bal-noed nixer. Yo foy z notehed generesior, %he inei-
dent voliage at the savity is ?6(nin at)/2¥2 {#ilmsarurst
2t ale {1962)). Conzgequently the voltage due to the sig=
nal klystron at the belsnsed nixer 1s:

1 w o oWm ¢
?5 #in wt = Kigw gﬁ F osin ot . 53}

Pollowing = usciul ansliysis of specironeter
oreration commuaicated te the suthor by Pr. Fsulkner of
the University of Zeading we nobte thet the Local
cseillator klystrom superiaposes =n ndéitionsl volinge

7, aiﬂ.(g% + %) on the v, sin @t {where e @, is
L5UCs/Be)e
Henee the totsl pover in - matched deteactor of reaistsnce

&1 38 3

B

} ?s sin wt » v,

p Sin {wﬁt * R)fg

L+

R

%
%hen ¥, is lerge eanouzh, the output voltage

h b=
V,} of the detector iz siven by the zimple agqusre law
B
reletion 3
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Henoe we have Tor the I.¥. signsl vollage 1@
! F 1)
0

t= o 0

£ £
4 c ¥, “ T % 4 273Y
‘»1}3 h * a 4 'S‘r
{on averazing over & period greater ﬁhgn(i)%nﬁ mach
shorser than 1/{o - &?3 ), Fhasre © ¥° Aepends onm

the deteotion conditiona. This gives 3

on substituting (&) =nd (5) a2bove, =ud with V, 55> V..
Similerly we oan obtxin the totel power in

the klystron freguency comntroller detoctor (agein

e

assuming perfect mateh o the waveguile resistiones %1)

1YV
P& - ‘ &AJ‘ i" J.
This oan 21iz0 be writteon ¥

= o 5 2
{ — 2 o 2 )
P = ( \) - T .

&

tn inspestion of the last term in egustion (6)
above chows that the moximusn sigasl voltage ocours whes
g the Treaquency noise term

&

g = 1. Howewer, this saske
{ scocond 1nst sorn} large in Lwo ways -

1) the A»iiwwwg somponent of the term 1s ot 2 maximunm
{1 + 8)°
for & = iy

2} the f0/p component becomssz larg@ uhen & = 1. This
15 due b0 the Pagt thet puliing / = 1 nckes the first
term in squatien {7) sgusi %o gero and sz0 turns off
the bilas appiied to Lhe deteesor srysial in the
klysiron frequency contrel loop (sinece the second ternm
45 seglizibie). Hemes the stabiliser becomes inp-
oparative.



In practioe the iris was cut s0 that £ £ 4
and smell asdjustnents were made by mesns of the slide~
ssrew funer $ill wo eptinum sizmnel %0 noise ratisc map

obteined on the video Siaplav. {This wee found Lo
sorrespond to o current of 154 amps. at the controller
cryatelje

slthough the freguensy nolse term shown 2bove
is a second order offeout, 1% wes Found to be very imporiant,
{Teasey et =3l. (9951) heve srzaed thet & term of this {fors
iimitad the sensltivity of their spesirometer oy rlysiren
wers obove sboud 10nw ).

&

-

Tt sheouléd be umoted that the sbove csleulsition of
the effeoct of Trequency nolse sssumed thsit smell fre-
quency exocursions wers mode zhout the csvity resonance
Troquency .« iny overall reaciive deift in the caeviiy
peramelevs would introduce sn insglinary component of the
rg Lection poelflcient (i&r?, which =ould CTorm = srocs
term with the imaeginery /5/Uterm and so intreduce frsquency
nolse a2z & First order ef'Teot in the power inio the de-
tostor. This fset plszecs stringent requiremenis on the
rechaniesd stabililty of $he cavity coupling system =nd
indicztes the significance of nicrovhomlics.

Anaether iapovrtzat source of sioerowsve noise

wight originsite in the nolse sidebands of the loeal
sgoilistor aignel. Tewo portiocns of thege oidebands,
egusl Iin width $o the 1.0 Bandwidth of the receiver snd
seated symmebricsily with respect to the locsl vscillistor

{w

Fraguency st & ddstenecd soual Lo the L.7., maight soniri-
bute noise Lo Lhs recalvey cutnub. In our wase, whers
the signel voliage wag 2 s5:l) Traction of the dstected
r.Tey, this souras of noise wizht become the limiting
feegtor in the oversll aspschroncier noise Tigure -~
espaclially 285 She locel vseilletor was a convenhional
7234/ kiystrom whioh is knows to heve sirong neise slde=-

bends {Hauniltom e% ai. {19




12

This limitation was elimin-ted by usge of g
balanced aixer (¥ig.2.34 and & 8). Here the A/4 phase
change between the two arms ensured that the mixer
orystals {of opposite polsz ity) were driven in shunt by
the local oscillator snd in push-pull by the received
signal. Hence in their summed i.f. output, the signal
voltages reinforced one another, while the local oscillator
frequency noise components cancelled, {provided the mixer
crystals were carefully motened).

“2e2e4  The I.F. Amplifier end Detector.

The output of the balonced mixer wes fed to the

csascode input and thence into the two following pentode

stages of = redar i.f. unit (Feceiver Unit I.7. Type 219),
whose circuit (modified) is shown in 2 9. The germanium
diode detector wss plemced in the plate circuit of the
second 62M6 tube, since luter stages were found to saturate.
26205 The sudio Amplifier and Filter.

The detected signal was amplified by the low
noise transistorised video emplifier shown in A 10, and then
Tiltered in the following 10 Kc./s. low pass filter (to
reduce the contridbution from noise components). This

filter pussed encugh of the Fourler conponents of the
line shape function to prevent significant distortion
in its video display.

24246  The Fhase-Sensitive Deteotion System.

Une common way of further reducing the band-
width without distorting the line shape 1s to use some
form of phese-sensitive detection (Ingram (1958)).

For the spectrometer being described, this
meant that the N.C. magnetic field (Ho)’ spplied to the
specimen, had superimposed on 1t an A.C. component modu~
leted sinusoidally at 135¢/s. with an smplitude (H )
which was less than the helf width of the regonsnce line
being studied. This modulztion was supplied by the
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esoiilator (A 94) and power ampiifier (A 15).

Henco from equetion {(4) of zesotiom 2.2.3,
it c2m be sesa thut 4¥ 4he mierowave freouency is
held comsisnt, then the reflection coefficient of
the ceviiy beoowmes sodulsied with » freguoney of
135¢/8. {and 22 suplitude proportional %o

fax*’gﬁg ag Andyow {4958} showed by a
”’df’i J’

gimple Tayler aeri@s ﬁsn»nsxon). %0, by comporisen
with coustion (6] of seetion Z.2.3 the 4.8. ouiput
of the sudic deftector 1g seen to bz of the form

T ) ts X
v =, BVY 3~ Ay, 5 ARG 3 H #in 2rft, (72
L (3s 8) ' JL anm o E
8

where ¥ is o Punction of the deteetors and anplifiers
apd £ is the frecouency of tha phese s:nsitive detection
system, {4350./8. in this cese).

This outpus wss fed throuzh ¢ 135c.7/8.

selective znmplivier {4 44, 12] to = phase-sensitive

etector {4 43). This phase-seneitive detsetor ine
vluded » centre~tajped asscondery winding on a signal
tronsforner. tlternate ends of %his winding were
grounded on suscessive helf sveles of the 135¢./s.
reference voltage, =2nd the oubtput was taken from the
centre tap of the windlug. he effeet of this

zetion was to reverse the polarity of e signel

avery half oyele of the refermmces volisges 4 mathe~-
maticel saslysis (Lawson and Thlenbecok (191,8)) shows
that this would produss s ocuitzut of the Torm

P pr—

P ﬁx’*fﬁi‘ mL ses ¢ » cos{isft & ) .; s



where ¢ (which was set eguasl to sere for msximum oub~
put} is the phase differsnoe helveen the signsl and
refarence voltazes.

This eulpul ®ss thesn Ued into a leng +ime con-
shang {~ 4 seo.) Filter which aliminsted the socond term
in the seoond sel of square brackets sud reduced the
uolss bendwidth (Bw) %o ~ %@.?a. centred on 135¢./ 80
S0 %he asignel w=hich vent fo the chert recorder vis a
Telie amplifiev was a measure @9{" x$Y(H) § *

I an i
in order to obsuwyve resonssve iines, 1t was nescspary
t0 sweep ﬁa_lineﬁrly 8o %haﬁgmgg’*gﬁ%J§ nizht be graphed
! v

e o Punetieon of ﬁﬁ 2n a thart ”eacr&erﬁ

{son with WMish Freguency Field Modulstion
“Spsotromeserss

3 empre&g*ﬂai\re traatnont of spestroneier
sensitivity considerations was given by Feher {1957)
gho spalysed s wide variety of ceviiy orrangements and
fetootion ayalonsd. He showed $hat the 1imit of spee~
troneter sensitiviiy iz set by the over-sll nolee Tigure:

S 48 e ' ﬁ 3
P ow w M # » &
» e &. i
shere, ¢ ia the soaverslion ga iﬁ ef the mixzer,

5. iz tha nolze figu?@ 4% dhe mizer input due to

;
: ronfion saplitude osr freguensy fluctuations
@riginating in the miorowave soursess or
componcntg.
Fa is the nolse Plgure of the saplifier,
¥ a iz the noise figura ol the aixer,

The sensitivity discussion Lhen centres around an
ansiyvads of G, ¥ ., 7 and ﬁﬁ; tx Peher {1957) shows,

“ P
e el
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the zun of Fa and Fd cen be minimised by using a
supsrreterodyne gnsetroxeter with 2m 1.8 in the

region of 20=50fc./8., =2nd & con then be zazxinised

by edjustment of the locsl cscillaior pover.

Feher indieates that the calouleted sensiti-
vity of 2 superheterodyne dotection schems is ten times
that of the besd possible straight Jetecior using high
ﬁraquéﬁcy Tield molulatlion. The calenlation anticipates
that the arystal detector nolse is the limiiing factor.
Homever, during the couvse of $ais project, svidence
hre appesred that the supsrhetoredyns 2ay be less ef'fec=
tive then Teber calsulates st higher klystron powers
(zbove ebout 10mw), becense klyatron frequeney noisc,
not detector moise, beoomes dominant {Teaney ot sl.
£49613}s Sincs klystron noise (snd slso Shat due to
piorophonics in the coavity couplinz grestem) is like
orystel Ilicker nouise in heving 2 pover spectrus in-
versely proportionsl $o fthe frequenoy, aigh frequency

field aodulation is helpful whether alorowave or
srystal noise 1z Jominusnt,

In the above speciremster, where low fro-
auenecy fleld wmodulation wao used, instebilities in 2he
savity a@upling'myat 2y, due Lo meocheniscel wibraitions,
wers found to coniridbule sirongly %o nolse. This is
probably due o the fsot that(in order %o sliminate
plekup fyom meor-by redar transmitters) the spactro~
neter was build inside s Feraday cage which turned
sut o have = miarayh@nﬁa TLo0T e Accordingly, it ia
aow proposed Lo prepare s conorete base Por the apectro-
zeter sad tc shock sount the aiorovave gompenenis nora
sereil’ully.

However %here soom %0 be cerdsin sdventages
tn this Low freguency fleld avdulstion superheterscdiyne
spuctrometer which are not evallable in high frequency

field nodulatlion systens:
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1) TLerge field modulation amplitudes are eesily
achieved at low frequencies (up to 35 oersteds
in this case instesd of the 5 ocersteds or so
which i8s convenient in a high frequency device).
This gives extra sensitivity on the wide lines
(up to 50 oersteds wide) commonly found in this
project, (ss equation (7) of Section 2.2.6
shows)o

2) Low frequency field modulation facilities can be
external to an ordinary metal cavity. These are
easy to comstruct and permit e wide diversity of
design convenient for irradiation snd low
temperature work.

3)  %ith extremely stable klystrons operating at low
powers, the reduction in orystal flicker noise
achieved by detecting at 45He./s. instesd of
100Ke./s. is probably significant.

L) Hodulation of the resonant frequency of the
cavity by mechanical distortions due to field
modulation {the so-called "caviiy effect")
introduces frequency noise to first order (see
Section 2.2.3)s This is more readily removed by
the signal klystron requency controller when the
field modulation fregqueney is low, as it is in
thls spectronmeter.

Also, unless special bucking arrangerents are
mede, a8 in the homodyne system of Gordon (1961), the high
freguency fleld modulation specirometer may saturate the
sanple in the cavity before enough power is available at
the cryastal detector for efficient operation. Whereas in
the superheterodyne, the crystal may be biassed by the
loecal oscillator, and so the cavity power can be reduced
until it does not saturste the sample. This is
useful in measuring the a2bsorption of centres with
long spin-lattice relaxation +times such as
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the fyree rediesis, demsge cendres and some S~-shate
iona which are all ¢o be studied at Adelside Tni-
rersity.

The sensitivzity of the specirometer was
meaamrgﬁ asing a ssuple of Cu § 5 5§2§ contzining
2 % 10 spinse i sigaal to nolse retio of at least
100 1 4 wes obteined with o Ueloe/s. bDandsidth snd o
field nmodulation width of 17 zgauss poal 3o peak.

The slgnsl klystron (e Varisn V=A201B} was then op-
ersting with o power ouiput of sbout 40n¥, and the iocal
ossillator 2t aboul 10av. Tenoo, ailswiag for =z ro~
duction in the line width %o 2.7 gouszs =nd reducing the
fielé moldulation emplitude %0 less then thig, we can

sbimete thet the nininun aundber of DPPE spine shaerv-
able would bo about 12 w« ?61?, vhich 38 tho same s
that observed by Llewellyn {1957) for s high frequency
field nodulation systenm, =and by Hirshon snd Fracukel
{1955) for a superheterodyne STBLeN. ihis corresponds
%0 a x)i of 4011, (211 measurements being Laken ad
300%K).

Lover siznal %o nolse ratios were obitained
with lerger bHandwidthe {(Be), (sce Flz. 2o4). his
figure shows traces from » sanple of 2 x 1070 gping of
Gn SQ& ﬁﬁzé Banen with different Pandwidtha. Con~
verﬁely the signel %0 noiss rotio could im principle be
ineressed indefinitely by redusing the bandwidth below
Gal6/80 In graectice, this would give rize Yo disior-
tion of the line shape snd slso to prodblems arising
From inctabilities in the Y0, amplifiers.
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Accordingly it seemed that the search for new materisls
could profitably be undertasken by a survey of natural
minerals, a8 these hsve their physical properties
conveniently tabulated by Dana (1932), and their
structures are usually described by ¥yokoff (1960).
Another useful source of miueralogical information which
appeared recently is Dser et al. (1962),.

The author is grateful to the directors of the
South Australian Museum, to Dr. Jones of the Geology
Department at the University of Adelside and to Mr.
Troup of Monash University for the loan of most of the
samples studied in this iunvestigation. Several other
samples were purchased from deelers in ornamental stones.

3.3 Ihe Experimental Results.

Hore than one hundred mineral ssmples were
examined for e.s.r. effects and thirty one gave positive
results., Of these, fiftcen were sets of lines which had
been previously discussed in literature. This resulted
in the observation of previously unreported lines in the
following sixteen minersls :~ Feldspar, Neptunite,
Apatite, Tourmaline, Denburite, Sphene, Kunzite,
Smithsonite, Scheelite, Benitoite, Apophyllite, Chili
Nitre, Jade, Turquoise, Australite and Opal. All these,
except the last two (which were glessy) and the previous
two (which were polyerystalline), gave distinet structural
spectra.

The apectra examined in detail were t ose due
tc Fe*** in Denitoite and Mn** in Smithsonite. In
addition, an analysis wes made of some hitherto unrecorded
forbidden lines due to Mn'* in Apatite and Scheelite.
Observations of broad resonance lines in glassy Australites
and Opals prompted en investigation of synthesised Borax
glasses doped with transition metals. Defect centres
were studied by means of e.s.r. in these Borax glasses as
well as in naturel Apophyllites and Rpatites.



Bak The Acouracy of Meaag;gment.

The zesoiutlion & thae fine structure and
hyperidine struoture of the sgaﬁtrs wos Pound to he
limited by the width of the nbsorpiion lines. The
nost Amporiant sowmrees of brusdening onoocuntered in
this awrvey snd tho means adepted foy offsetiing them
TeYe follows

1}

This is dme %0 ooupling between
perenagnetio sontres {Yan Tleok (1948}).
Tt could be redueed by scleohbing megpetically
dilute sryastals -~ contelining abont 10 parts
per sillion, by weight, of paranasgnetic
nzterinl.

2) f{nhomogencd

These give rise o different sero-
Pield splidtings of the -norgy lo¥els znd an
snisotrople variation in the weze.r» line
width, which was at = mazimum Lor lines Turth=
ot Trom gml. This wes imporiaat in o1l
sempies studied ond sould only be rediuced by
seleoting orystels relatively free from
twinning or moselie structure.

3} Zaturation Ly the redintion fieid

nroadening Jue B¢ gaturation
cceurred in medericls having lonz spir lazttice
releoxation tines (ceos En*? in Smithoonite

#

and dsnsge cendres in wost msterizlis), This
afleet wra worse sh lov tempevaturss where tho
spia~lstilee relaxeation tines vwers longer.
fuch broasdening could be offpet by sitenuating
the power from the sigu-l Klysiron, but this
of course catslled a lsss of semsitivityles 1o
indlosted by equation (4) of Scotion Z.2.3).




With praotice it was found possible to
measure line centres to within about one tenth of the
line width, either by setting the n.m.r. line to
coincidence with the e.s.r. line on the oscilloscope
display, or (if the lines were very narrow) by
graphicel interpolation on the charts from the pen
reoeorder.

In some cases, such n8 Benitolite, where the
lines were highly anisotropie, an important source of
error night originate from uuncertainty in orientetion of
the sample. However this wes overcome by use of s HO12
mode cavity where the sample platform couvld be rotated
about ar axis in the horizontsl plane while the magnet
was rotated sbout a vertical axis. Here it was possible
to align the orystals very sccurately {to within 3°) by
cuserving the eflect of small angulsr corrections on the
position of the iines on the oscillograph display.
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CHAPTER IV

Fet++ in Trigonsl Sites in Benitolte.
ket Properties of Benitoite.

Benitoite (Bai’?i(ﬁiﬂs)}} hes been found only
nesr the hesdwaters of the Zan Benif%o River in South-~
ern Californis. It is guite hard (H=6.2-6.5), is
usually bluish in colour =znd fuses near 1200°C.

The strong dichroism {0 = colourless, % = deep blue)
enables the ¢ axis to be found by using polerised
lizht, The author®s couparisons of the c.s.r.
spectra with the flame spectroscopy enalyses doune st
the Austrslian ¥ineral Development Lsboratories,
Prkside, South Australia, indicste that the sepphire-~
bluish colouring is due %o treces of Fe+++ present as
sn impurity in the Barium znd Titanium sites. All
samples studied were found embedded in a herd matrix
slong with orystals of Haptunite. The matrix could
be removed by dilute HCE.

The symnetry class of Benitoite was establish-
ed by Palache (1909) following & preliminary observa-
gion of forms by Rogers {(1908). Figure 4.1 shows a
typiecsl combination of forms. These mske it the only
known ecrystal representing class 22 of Sroth (Emz).
111 erystsls observed by the author were devoid of
twinning =nd showed the (1071) faces prominent.

These asided in mounting the crystals by eye with the
¢ axis orientated in & desired direction.

A complete determinstion of the erystal
structure ¥as given by Zechariasen (1930). Pig. 4.2
shows the projection of the structure on the 0004
plane. From the point of view of the lmpurity centres
to be discussed, the following structural detells only
are important.



Prisns :  m(1070), A (0170), a(1120).

Pinacoid : ¢{(0001).
Prigonal pyramids : p(1071), r (0171), e(0112).

Second order Pyramid : x(2241).

Fig. 41 The forms of Benitoite.

(After Palache (1909)).



Fig, 42 Projection of Benitoite cell on the plane 0001.

(After Zachariasen (1930)).
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The two Ba and the two Ti atoms lie on trigonsl axes
parzllel to the ¢ axis in twof»ld positions on either
side of a mirror plane. The 3a atoms are surrounded by
six oxygen etoms at a distance 2.7h 4.,U. forning a
distorted octahedron. 3ix other oxygen atoms have a
distance of sbout 3.4 4.U. from the Ba, but we cannot
consider them as belonglug to the first sphere of co-
ordination around the Ba. Ti atoms are surrounded by six
oxysen zatoms in sn 21lmost reguler octahedron, the
distance TLi -~ O being 1.96 A.U..

L2 General Charscteristics of the Spectrggz

The room temperature e.s.r. spectrum of Fe'**
introduced isomorphically into Benitoilte lattices to an
S5.q0™% (as shown by flame

spectroscopy) wes investigated at X band and O band

ion concentration of 10~

frequencies for mesgnetic fields up to 15,000 ocersteds,
In addition X band measurements were made at liquid air
temperatures, where the zero field splittings were also
measured.

Very many lines were observed in the X band
neasurements taken at full spectrometer sensitivity; but
it was found that there were ten main lines in two similar
systems each of five lines., %hen the external magnetio
field was applied parallel or perrendicular to the o
axis, both the 5 line spectra overlapned each other
exsctly. 4lso the combined spectrum was isotropic in the
equatoriasl plane.

#lth the aid of & stereogram (Barrett (1943)),
it was seen that if ®, ¢ are the angular polar
coordinstes of the D.C. magnetic field measured relative
to the ¢ axis aud an arbitraerily chosen x axis in the
cqguatorial plane, then the two sets of five lines
coincided for all € at values of ¢ 60° gpart. Between
these values of ¢ the two sets of lines moved apart,

Both spectrs were observed to collapse to a nminimum
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spread for 9 near 55° no matter what the wvalue of ¢.

A much weaker set of %ten lines which
aeppesred to have similer sngular properties to the
main set, was observed to be spread over a narrower
range of msgnetic filelds.

The ten main lines hove tentatively been
sssigned to Fe*++ substituted into the two different
Barivm siftes of itrigonsl symmetry. This iz because
the large size of the Barium sites could be expected
te facilitate prolifie substitution and so give rise
to strong lines. 21s0 the wide splitting of the lines
wes seen 0 indicate & strong axlal component of the
crystal field which is in accordance with the X-ray
duts quoted sbove for the Barium sites. onversely,
the ten weak lines, whose splitting was less than
thet of the main set, wers assigned to the much smaller
and more nearly octahedrsl pairs of Titanium sites.
However it should be borne in mind that these sites
mey be distorted on substitution of the Fet++ ions.

Some very weak lines at low fields, close to
g = by were attributed to forbidden A i = 2 lines of
the main spectrun. Also four wesk lines near g = 2
were thousht %o be due to the Cu%t ions whose presence
wag indicsted by flame spestroacopy.

Other very wesk lines were observed but have
not yet been assigned to guy centre. They may rvesult
from many possibilities, esz.

4) Iren ions located ot the Silicon sites.
2} Spectra taused by neighbouring ion psirs.
3}  Other unknown parasmagnetie impurities.

geman Eifeet in 6S-Stgte ions in Trigonal
Zlectris Tields.
At oriinsary temperatures, free Fe**t jons are

03

2{-0} The

i seniay
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in the ground sonfiguration 5&5 and ground term
S. In potahedrelly coordinsted Fe***' ions, this
ground term becomes 6A1and is typically at least

10,000 om.‘1belaw the nearest excited term 4T1

(ericrith (1961)). Consequently, in estimating the
very much smaller splittings of the ground term
studied in e.s.r.(of the order of 0.3 en:1), we can
ignore any sdditional mixing with the distant ex~
cited terms caused by an operstor (ﬁ) which corres=
ponds to the smell magnetic perturbations. The re-~
sulting error, as estimated by second order perturba-
tion theory, is then oenly :

: 2
¢
A F =3 LLQ~L§-LilL s (where J = excited

J Eo Ey states).
For fine structure splittings of the order of an X
band quantum this becomes.:
* 0.3 |2 -1
AE"E-:-Q OmRe
BN

As we sum over the higher nultiplets the terms in this
serles tend to cancel 2nd so we obtain finally ¢
AE~ 1077 gp,"t |
which 13 negligible,
We know that the wave functions of the
ground multiplet ere of the generel form 3
| w3 ) = acol M) “J"‘J) .
where
| ¥_) = |3a5, s, ¥ ),
and the ]xd) sre the excited states coupled in by spin-
orbit or spin-spin operstors, or else states mixed in by
interaction wifh the nearest neigzhbours.
We expeot 26@% 1 and the GJ << 41 since the
observed ground state splittings, resulting from the
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interaction of the admixed orbitel moments with the
erystal field, are very small, (Also the only ex~
clted terms within the 3&5 configuraetion which can
be mixed in by spin-orbit coupling are the ljds,hP,Hs),
and in this case the Cg = 0,003, as may be seen by sub~-
stituting appropriate values of the spin orbdbit end
Raceh parameters into the treatment given by Griffith
(1961)).

The exaot admixing is not yet known although
various order of magnitude arguments have been developed
to explsin the observed interaoction with the varicus
symmetry components of the crystal field. This recent-
1y, Pryce {1950) proposed a spin-spin interaction to
account for the splitting by the axial components of
the erystsl field. Van Vlieck and Penney (1934),
fatanabe (1957) and Powell et al. (1960) have considered
the effect of higher order proc: sses involving spin-~
orbit coupling and the components of the orystal field,
and ¥ondo (1960) has anslysed the effects of overlap and
covelencye. Further c.s.r. and optical studies should
add to our knowledge of these cffeots,. Yleanwhile we
can procced as follows.

In the sbsence of an applied magnetic field,

8 Heitler~London trestment of the interaction of all
other ions in the lattice with the Fe'™™ ion woula con=
slder their combined d'fect as being that of a system of
external point charges collectively giving a potential
V which ascts es a perturdbation on the 4 clectrons of the
Fe*** ion, Hence we consider matrix clements of an
elevtrostatic operstor of the form 3

(u' = x| 2 vielw' = ¢) , (1)

(where e 1s the ¢lectronic ¢herge, 1 runs over the

perturbed d eleotron wave functions of the ion, and

suitable linear combinations of the E;‘ approximate
L

the M!).



In this ense, where the other ions are sssumed to be
external to the perturbed wave functions, Vi would be
2 solution of Laplace's equation for the space in the
reglon of the weve functions, snd so could be expressed
as a power series in the homogencous polynomials
V., = ¥ g A 2Py (e ) (2)
i £ n = -3 4 * - i:¢i ' B
where r& Y? are the sphericsl harmonic polynomial
functions which form the basic vectors of the irreduc-~
idle representations DQ{R) of the full rotation group,
{sec 2Appendix C5),
If now we choose the 05 axis as the polar
axis for expressing the field of V, then V will have 3~
fold axial symmetry l.e., @

V(i +200/3 )} = V(¢)
Hence in (2), m = O,4 3, + 65, 4 9, ees (sines the ¢
dependence of r4’¥§ is indicated by noting that
Y§ = P: (cos ©) exp (imp) where the Pi,(cos ©) are the
generaslised Legendre polynomisls).

%e can further reduce the number of effective
terms in (2) by restricting the 133 ) to econfigurations
involving s,p and 4 electron functions (vhich can be
expressed in termz of lineer combinations of spherical
hermonics with £¢ 2 )i In this case, the %triangle rule
of spherical h-rmonic integrstion eliminztes any effeot
on{1)} by terms in (2) with £ > 4, and so these may be
igndred- '

5till, the matrix elenents of the few remain-
ing terms of the form Az re Yi cannot be evaluated since
we do not know eclither the ag or the detailled nature of the
set of states ‘H; Ve However two procedures have been
suggested for using what information we do have to get

the genersl form of thess matrix elements, and those
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including Zeeman interactions, in terms of arbitary
constants which may then be determined by experiment.
These procedures sre outlined in the following two
sections.
be3et Calculation Using Zero Megnetic Field States

a8 Basic Vectors.

This very genreral approach was developed by
Koster and Statz (1959) =nd Ststz and Koster (1959)
and applied to Fe'** in cubic sites by Alsenberg,
Statz and Koster (1959), We shall carry through a
¢alculation of this type fer Fet*™ in & trigonal field,
and hence show that the ususl snalysis of this case in
terms of a "Spin Hanilitonian®™ involves a number of
physical assumptions in addition to those already made,
and 80 may not socurately deseribe the results of ex-
periment.

fe assume &3 above, that Ls5, 2and J are good
quantum numbers {(but Hrs Hg and My are mixed states),
and we apply perturbations to the isolated ground term
63. ¥e have z2lready shown thst these assumptions
would only zive rise to errors of the order of 10'50m:§

¥e do not know the exact effeet of the small
magnetiq@ertubations within the atomic system which,
together with the erystal field, give rise to a split-
ting of the 63 ground state, even in the absence of an
applied megnetic field. However we do know that in
zero magnetic field, the ground state eigenfunctions
nust trensform as basic¢ vectors of the irreducible re-
presentations of the 63 double zroup for this case of
trigonal symmetry. If we consider only the lowest
sntisymmetrised state o the free ion, 1i.e.that with
angular momentum 5/2, then we have to find out what
linear combinations we can make of the 6 substates
such that these combinstions form bases for irreducidle
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representations of 63- These new siates can be taken
a8 having the zeneral (geometrical) form of the exact
low=-lying eigenstates of the lon in the crystal
{(including 2ll intersctions with higher orbits and
neizhbouring iona).

In our case it is sasy to ses, from the
charscters of the irredusible representations of the
Y
LF s o o DA%
vectors are the s8ix O = sublevels, that, asg the
erystal field operator (Ho) is spplied to the free ion,
the sixfold degenerscy will split into three doub%y de-
generste energy levels whose states form the bases for

double group and the representation whose basic

the irreducidle representations 2Ph, 2?5 and 2P5 .
(see Appendix C 1). :
We assume as before that these levels lie so
far from the higher levels that we need not conslder
the latter when we apply the moznetic field, i.e. the
nagnetic splitting is very nmuch less than the distance
t0 the higher levels.
On applying the magnetie field, the new

Hamiltonian is :

51 = HQ + 8 H.3 ,
where the £ H.J 1s oconsidered as e perturbation act-~
ing on the sigenstates of ﬁ@ found sbhove. We make use
of the symmetry of the case to reduce the number of in-
dependent matrix eclements in the perturbation celcula-
tion. %“e note that Jz forms & basis for ome irreducible
representation of 65, and J* and J_ are bases for a pair
of representations thet sre complex conjugates of one
anothere. %e can therefore write our Hamiltonien in the
form

By

1 1 s a .
where K* = Hx + 1 Ey xnd Jt = inin

R 1
= HO + B 2H+J_ + 2H__3* + ﬁsz J '

-
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Hence using the orthogonality relations deseribed in
Appendix C 2, the perturbation matrix may now be
written down with the number of independent constants
that symmetry permits, plus the two energy sepsrations
AR A E_ between the doublets st zero magnetic field.

1, 2
This gives the secular motrix @

. %
" i - i - - &
Bq%g? epflgs 8yl s=agh s =90 s 8,y B,
5 - S -l 4 . aime 2 ‘
(32112’ %8 qu, {:1 3}»'-.’ a“ ;‘B* F ] 31 0 H* .
«H&E.f

E 3 - é I - L 3
a, Hz, a7 Mz s a1hH_ s ~8,g E_

~a5 Hz
+AE2

where only the upper trisngle ic shown and a: is the
complex conjugate of e

This matrix takes into account the geometry
of the weve funcitions and the lattice and so the con-
stents sre nomngeometrical,. The mabrix is Hermitian,
therefore the dlagonel elenments are real. Hence

s s
élﬁ h\

4» & By end a, . are real, and all other'&i sre in
zeneral complex and so represent twe physicsl con-
stanta cach. The inelusion of time inversion
synmetries (Appendix £ 3) and the choice of sultable
phase feotors in the weve functions make 1t possible
te reduce the total number of physical vonstants to a
sinimum of 20, This result mey be compared with
that of the more ususl approach outlined in the next

scction.
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Le3¢2 Calcoulmtion Using Strong Yagnetic Field States
a8 Basic Vectors.

Here we note that, since we are working within
s multiplet with & fixed, (but unknown) total angular
momentum, and since the rng transform like the basic
veotors of D, (see Appendix C5), their matrix elements
have the same dependence on the megnetic quantum number
as the Wigner coefficients 5;..  (Wigner (1959)).

To carry out the “  formal calculation of
these coefficients for an S-stete ion, it is convenient
to use the classical Spin Hamiltonian method of Pryce
(1950). Here a symmetrised polynomisl in the components
of 8§ which displays the symmetry of the effective terms
in the £ § A:rﬁfz series, is constructed. Then the
matrix elements of this new operator (which is equivalent
to the operator representing the effect of the crystal
field) are taken between the verious strong magnetiec field
substates st)§ These new msatrix elements correspond {to
within & constant factor) with those sought. We are
gasuning that the sdmixed higher levels act only via
their angular momentum and the effect of this admixed
angular momentum is sllowed for by adjustable constants
whioch will be determined experimentally. Further it is
gssumed that these constants are the same for all three
Kramers doublets and that they are independent of the
strength of the magnetic field.

Before substituting equivalent spin operators
for the spherical heraonics, we note, that in the absence
of s magnetic field, the Hamiltonian operator shows time
reversal synmmetry; and hence ¥Kramers' theorem excludes
eny contribution from o0dd order polynomisls in the com-
pvonents of 8 (L.e, 0dd % in Yg) since these would remove
the even degeneracies of the doublets found in L.5.1
(wigner (1932)).
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Thus from equations (1) and (2) of section
4.3, we are sceking spiln operator egulvalents for the
efiective electrostatio operator :

02,0 0 # @ Y rAY 3 a

= po(adr?r) o a%rMy) 4 Al

L
where i runs over the coordinste of the 4 electrons,
as before., Using the usual formulae for spherical
harmonics, this may be written @

.2 2 4
— 337 = v 352, 30: + 301
0 1 %y 0 )J i
B, = §e¢ [“‘zj‘i’ 2 B “"'@I’éig@? rz;,
1 1
2, {(x, + iy )5 '
. Aiggig - T 4 exp(=3i¢)
Ty
3
-3 [3ag 2alm - 47y) 7]
+ A exp(3i¢)
A J

For a resl operator we require Az - A'z for the
particular choice of the phase of the angles 6, ¢ we have
nede (oc.f. Jackson (1962)).

Using the spin operator equivalents for these
functions as given by Stevens (1352) and Judd (1955),
we arrive st an operator whose matrix elements within the
ground term may be made equal to those of the crystal
field by suitable choice of the constants :
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H, e Bg {335 - s(s*1)J + Bg {353ﬁ - 303(S¢1)si

+ 2552 - 65(841) » 532(s+1)%} + B} {34:Sfaxp(~3i¢)
. szexp(m)] + [sfaxp(-m) + 8Jexp(319) | sz} ,
=

where S$ s SxtiSy.

Other spin operator equivalents have been
given by Ambler et al. (1962); we use the above, however,
since they have become conventional., The pPhase of Bz
depends on the choice of the phase angles in the
spherical harmonics. %e have chosen ours so as to make
Bz positive real for the ions with Sz parallel to an
arbitrarily chosen sense of the ¢ axis, (for ions in the
mirror symmetry sites there will be & phase difference of
#/3 in ¢ and so in that case, Bz is negative real).

If now we apply a magnetic field, we have to
consider a tensor interaction netween H and d viz,

BH.J which for our case of 03 symmetry may be written as :

R, 8, + g F(H. 5 _+ Hysy) »

or

g”BHoosesz * qlﬁHsinﬁ:S*exp(niﬁ) * Sﬁexp(i¢{J 9

where the deviation of the g, and g, from 2 represents
the effect of any orbital angular momentum introduced
into the ground state by higher state mixing or covalency.
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Thus we have derived a Spin ilamiltonian for
the two sets of re*** ions in trigonal sites in
Benitoite perturbed by s magneiic field, of the form ¢

r b
B = g PHcos0S, + %g;ﬁﬁsinetﬁ+exp(~i¢) * Sﬂﬁxp(ié))

-

+ BE{}SE - s(s+1)} + 32{35s§+3os(s*1)si+2ssi

- 6S(S+1)+352(S+1)2}

nz{sz [sfexp(-zsm) R sf(xp(m):ﬂ
32{{:33&ip(“31¢) * Sjexp(31¢):F }
* . b

Using the usual formulase for the matrix
elements of S , S end S_ between the lM } states,
(Bowers and Owen (1955)), and ignoring arbitrary
constant terms, this operator cen be represented within

¥

*

the ground term by a 6x6 Hermitlan matrixe. The
eigenvaelues of this matrix sre the enersy levels which
are to be investigated.In the next section various
methods of estimating these will be glven.

Meanwhile we note thet if we put 3

v = exp(ig¢) ,

b, = gA(H, 4 iHy) ’
h, = 88(H, - 1H.)
hz = gilﬂriz 4

then the matrix may be put in the form given on the next

page @
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: - -2 - 3 1 2 2
M 2 2 z z 2 2
~5h,/2 |
~2|+108] V5h /2 o | It12M10 0 0
x53w3
0 A
+6OBk
—3hz/2
_3 : R
£|V5h_/2 2B, Y8n /2 0 0 0
0
1808,
, —hz/z +12¥10|
-z © -]
0
v8n /2 | -8B, 3n,/2 xnzwi
0
*12°Bh
 [£12710 h /2 |
¥ 0 3h_/2 -82° *f8h*/2 0
xBlg~? .
4 o |
+120B,
3n,/2
0
3l o 0 0 vén_/2 | -28, V5h /2
)
-1808,
+12/10 5hz/2
5 0
AR 0 53" 0 v5h_/2 +10B,,
b +6032
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This is similar (epert from a phase fsctor
end the labelling of the constants) to the matrix
obtained by Yornienko and Prokhorov (1961), using the
Spin Hamiltonian obtalned by Bleaney and Trenam (1954),
for the Zpin Hamiltonian of Fe**¥ in 5 cubic site with
an axial distortion across the body disgonal.

We notice that this operator gives matrix
elements containing only five empirical constants, which
1s less than the number allowed by the group theory
treatment in 4.3.1 « S0 we cen see that the Spin
Hamiltonian involves physical assunptions in addition to
synmetry arguments.

These are associated with the feot that we
have uscd the same constants to incorporate the effect of
higher state mixing in all the Kramers doublets. But,
as the group theory anelysis shows, we might #n practice
expect to find different velues of these constants for
each doublet,corresponding to s variation of the values
of the Spin Hamiltonian parameters with the magnetie
field, Accordingly, exasct solutions of the Spin
Hamiltonian secular equation were sought (as well as the
customary perturbation theory approximations which were
not expected to be very accurate in this case) and
compared with the experimentally determined energy level
differences, for magnetic fields ranging from O to
15,000 oersteds in an effort to find such variationa.

Lok The Energy Levels of the Spin Hamiltoniam of Fe''™

in Benitoite.
Using the form of the constants given by

Bleaney and Trenam (1954), the secular determinant
corresponding to the matrix of L.3:2 can be rewritten
with
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Bg = /3, 32 = ~(a~F)/180, Bi = ¥2 a/36 .
In the Benlitoite Hamilionian, the off-
diegonal elements were found to be quite large, and so,
in addition to the perturbation theory energy levels, we
have derived exact algebrsiec solutions for the cases of
H parallel and perpendicular to the ¢ exis., ™These were

useful in fitting the spectrum accurately and in

checking the numerical solutions to the general case

(in which H may have any direction) which were found by

computor diagonalisation of the above matrix.

hebhet Energy Levels With H Paresllel o the o Axis,
For H parallel to the o axis, putting ¢ = O

and using the traditional form of the constants, the
secular determinant can be factorised, by row and
column operations, to give :

gﬁuﬁﬁ - 1§D N Egg il B £§2 8
= 0
- %‘Q B s g,8H - %D B %(a—F) ~E|
8y - 2 29
- %gnﬁﬂ - 39 - g(auF)-E s %75 e .
+ Y20, , 28F + 130 - (a-r)-E '
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|.. 25,68 = 20 4 (a-F) - & =0,
, 2,61 - %n + (a-F) = E =0,

whence we get the eligenvalues

=]
0
+ 1

g, H + ¥D - $(a-F) & J [3:»%(;.@ ~ ‘%&.”]2**2%&2

12

E=# gAlH+ 3D - 3(a~F) 3 \[[594%(:;-1&') zg“ﬁﬁf 29,2

B o= : gsﬂﬁﬁ - %D * (ﬂ-"‘F) ’
(esf+ Kornienko and Prokhorov
(19671)).
FPor small values of 20&2 the firast
® 3D + (a=F) 3g,F0/2 *

two terms of a binomial expansion of the terms under the
square root sign give the following energy levels

¥
5 10 . 208

E = ~ 2g BH 4+ =D - Y(a-F) &+

-5/2 = = 3% 3 27L-g,,ﬁn+2n+%(a-ﬁ’) J

E_3/2 = ~%g"ﬁﬂ - %D + (a=F) ,
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, 2
By =~ %g,PH - %B - %(a-—}?) P 208 :

zi’gnﬁﬁ‘zb‘ 'é’(&"'F)J
’

2
1/2 = $g,FH = 50 - 2(a-F) +

208 |
27 g,81-2D~ %(a-r) J
»

" 2
B 3/2 = %S"ﬁﬁ '3‘5 + (a=F) ,

20&2

21[&.#&21) + %(a«-s) J

&

P 5/2 = %g,,ﬁﬁ 3-931) - 3(a~F) +

These are assily seen to be equivalent to the results
given by second order perturbation theory in whlch we
consider as the zeroth order HamiltoBian 3

H, = & AHS 4D [s‘:'- -}s(sn)J - ';%E(aw)[}ss‘;wos(sn)si

*zssi + 65(S+1) » 352(3*1)%]

The terms in 20&2/9 are then the squared off-diagonal
clements in the matrix above {in the same row as the
sorresponding first order term)se These results differ
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slightly from the values given by Xornienko and
Prokhorov (1957) since these authors use a zero order
operator which Goes not include the (a-7) term. '

Note that, apart from mixing by the terms of the

form aS_ 83 (whioh is small in ell materisls studied in

this project), the eigenstates are the pure [K ) states.

Loho2 Energy Levels ¥ith H Perpendioular to the o _Axis.

For H perpendicular to the ¢ axis and putting
¢ = 0, the determinant can easily be factorised to :

an - 3(a-F) -7, i%gLBH ’ i%g a
i%g' -} Y ¢ZGJ5H f %D.’ %(g-?)ti&ﬁﬁnE

=0

which on multiplying out and solving, by the usual method

used for solving third order polynomials of this kind
(Turnbull (1952)), gives the eigenvalues 3

E = ce2¥d/3 cos [% cosm1(~ %!53/27> + an/%]

where n= 0,1,2 .
= ¥ %g_,_ﬁﬂ,—

a = -4(g,68)% (4D+3(a-1))g, o0 - 2207~ L(a-m)?
20 2
9 a



b1

- 2 T
b m{:h,iggns o ggpa(a_y) . 1é§£§$ll_2 % Eg(‘_r)%J

) glﬁi{i‘%ﬁz - 1%13(&"?) + %(B*F)zj

+ (g,pm)2 [i%n - §(a-F)j

2.3 15\ )5 o 87 [29¢0p) - 295
( 5 )(s,ﬁﬁ) +3 [:3(3 F) 92J

- g{_%g a(g, BH)? » %sﬁ._ﬁl{& - ‘E(s;ﬁﬂ)zj

®

(This checks with the answers in the parallel case for
the zero field and strong field limits).

However this form of the eigenvalues,
elthough useful in checking the final- solutions,
especially those describing the low field lines, is
rather cumbersome. For more convenient but approximate
solutions, the following perturbation theory estimates
were derived. These were especially useful in describing
the Mangaenese sSpectra éiscussed in the next chapter and
ere derived here for the sake of convenience,

The off~diagonal Zeeman terms of the matrix in
L43.2 were larger than the diagonal terms for H
perpendicular to the o axis, and so a perturbation
series in this representation would not converge., Hence
a new polar axis for the crystel field terms wes chosen
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parallel to the magnetic field. In this new system,
the (large) Zeeman terus are diagonal, Rotating the 2z
axis of Hs in 44342 above into the x direction
correspbnds to applying the trensformations given in
Appendix C 6 to the components of B Thus we substitute
into Hg new components given by the equations :

8, = = z(s! +5!)

- Ifar , art q
S* = 2(S+ S_)* L

[ <]
§

£(-8! + 82) + 8}

(where the primed operators are in the new soordinate
system)o Then on cancelling (but bearing in mind the
non~ocommutative character of these operators) we obtain
in the new coordinate system on ignoring the primes :

—or

H, = gfH.B + %D{:sf + 82485 4 S+Sﬁj

= 2,
égggl{:ss(s“+s 55,4823 +5%5%45 8045 8 5 5,

i%}

2 g 2 2

: 3
o
LS,8_#8.8 8545 8 5748 875 45 5.8 S 48 s’

+ =+

ESE+SES 4828 8 +S#) ‘ 950(82+32+g S_+% s*i]

+ (* small off-diegonal term in “a®) ,

(* This lacet term is evaluated in 2ppendix C7, end
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although it gives corrections of the order of three
oersteds in the Benitoite spectrum, it is negligidble
in the Manganece spectra discussed in the next section,
and so we shell ignore it henceforth.)

Applying secondl order perturbation theory %o
the new lpin Hamiltonien we get, using
ZPH.8 + %D(S“S*¢S#S~) a8 the zeroth order Hamiltonian,
the approximate eigenvalues

2
_5 10D
B.syp = = 28.FH & D+ proopia3D)

2
E = - 18 BH + 3D 4 2D
-3/2 il 2(2g,8H+D) ,

2 2
: - B 9D - 10D
By/p = = 2&FAE « WD & 515 "BasHY © §(%s, PHe3D)

4 9p? 100>
Base= eEFH + WD - oo ARD) * 5(2s.AHa3D)

3 9p2
B z/p = 28.PTe3D - STETEELDY

2
5/2 254 L(2g, AH+3D) o



The correspondling estinstes of the eigenvector:s are 3

Y10 :
l:—%) = {l' ‘g) + 2(281_53"'3”) !‘E)] ?

- ) - {l- D + gt | %)] '

_ 3 3 3D : Y10D
l=%) - ﬁ;“" Z) + ¥2{2g, FH+D) “3) T2 2gLﬁn+3n)“" %{]

r D v10D
) ~ 73 2g,FH+D) |- ‘3) & 2(2&49309)'%’]

!.‘—é) = 3:"‘3') = TZ(ngﬁH*D) b é)] »
Y10 3
|_% - {1 - 7i%mm) 10

where &, e«s £ are normelisation factors.
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behhe3 HNumerical Values of the Fnergy Levels With H in

s

Any Dircetion,

Por real symmetric matrices, the Jacobi
procedure of iterative reduction of the off-disgonal
terms bg 2 series of orthogonal binary transformations is
readily simulated on a computor, giving highly accurate
eigenvalues (Wilkinson (1961)). Further it is possible
to convert our eigenproblem (of s complex Hermitian
matrix) to an equivalent one of a real symmetriec matrix
of twice the order, as the following calculation shows,

We seek to solve the Schrodinger equation :

Hylm) = Bln) , (1)

where |m) is a linear combination of the S, states, (eand
is not to be confused with the nuclear spin guantum
nunber m used in later chapters).

Hence [m) alﬁﬂig, ¥) lu) , (2)
where d(m, M) is a linear cocefficient. Therefore 3
i (urlm ) a(m, u) = 5 a(m, ') ,

which, for a given value of m, can be written in the
mnatrix form 3

Ad = E Id. (3)
where A = BeiC is a complex matrix,

(1)

and d = usiv is & complex vector.
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B, C, u and v are all reel, and so (3) can be written
as the pair of real matrix equations @

Bu « Cv = Emu ’

-

wvhich are identical with :

n
€, B v v_ o (5)

This is syammetrio if A is Yermitian (since C is then
entisymmetric and B is of ocourse symmetris).

One computor diagonalisation routine which
proved satisfactory (SHARE 5.0.,016) would only handle
positive definite real symmetric matrices. Hence it was

necessary to modify the matrix further by loading the
diagonal elements with e large positive constant sc that
2ll the eigenealues would turn out positive, This
procedure merely shifted ell the eigenvslues by a
constant and so did not affect their spacing.

The matrix of L4.3.2 was modified according to
these principles and 1ts eigenvalues were evaluated for
specified values of g,, g,, D, & and F on the Adelaide
University I.B.HM. 1620 computor. The Fortran source
programme developed to erect and diagonslise this matrix
is listed in Appendix BY. Originslly, the output was
printed, but this wasted & lot of time sc the output
statements were altered to ensure that the eigenvalues
were punched out on cards and then listed on an I.B.Y.
704 printing mechine. The eigenvalues were evaluated in
units of kilomegacyoles per second (Co./s.) for direct
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conparison with experiment. It was decided to run the
progreame uantil the maximum velue of the off-disgonal

terms wes 10*th./s.o This, according to second order
perturbstion theory, weuld result in the eigenvalues

bheinz aeccurate to @

4:119_323 &;" 0 (10°7)eos/s. ,

(where "O" stands for “order of magnitude"), for energy
levels approximately 10Gc./s. apart, (as they are for X
band measurenenis). For this soccuraecy, each set of
eigenvalues took sbout 7 minutes to compute., For H
parellel and perpendicular to the o axis, the computor
prograune was checked pcgeinat the algebrasiec solutions
found in sections L.he? = 2 and found to be sccurate to
within at least 10'3Gc./s.. For the general direction of
Hs the algebraic checks in Appendix C 9 were smployed and
found to be satisfied to at least the same acouracy.

Le5 Fitting the Strong Lines to the Spin Familtonian.
It wes found convenient to tnke aocurate

measurements of the strong transitions with the magnetic
field parallel and perpendicular to the ¢ exis (where
the two sets of 5 lines peired ups. In the "parallel®
case, five distinet (paired) lines were obscrved at X
band (Pize. 4.3), while for the "perpendicular"™ speotrum
{Fig. lLel) the two lower {paired) lines ran into esch
other making accurate messurement difficult due to the
%line interaction" efféct (Aisenberg et al. (1959)).

Similsr resuvlts were obtained by the suthor
with the aid of ¥r.R.D. Hutton on the ¥onash University
0 band spectrometer (Figs. L.5 and 4.6).

Several samples vere examined in this way and
all gave consistent results. OUne typical set of
messurements obtained at room temperature {(296°K) is
given in the follewing tables ¢
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lesonance conditions with the magnetic field perallel
to the o axis.

Line PFo. Hagnetic Fieldizgerstada) Hiorowave PFrequenoy
(Go./8.).
1 1,676.2 % 3.0 9.243
2 2,789.2 ¥ 1.5 9.243
3 3,289.7 ¥ 0.5 9.243
4 3,815.1 ¥ 1.5 9.243
5 4,908.5 * 3.0 9.243
2 11,729 % 2.0 3h.4 504
3 12,309 4.0 3k4 504
h 12,728 t 2.0 3L, 500

Resonance conditions with the magnetic field perpendi-
cular to the axis.

Line No. |Hagnetic Field{oersteds) | Microwsve Frequency

(Ge./58.)
1 2,706.5 % 10.0 9.235
2 2,829.1 ¥ 4.5 9.235
3 3,185.5 % 0,5 9.235
b 3,672.5 ¥ 1.5 9.235
5 3,996.5 £ 3.0 9.235
2 11,853 ¥ 2.0 34,489
5 12.275 t 4.0 34 44,89
N 12,728 ¥ .0 344489

(* Throughout this text, the magnetic field (H)is quoted
(expressed in oersteds): under the experimental condi-
tions preveiling, this procedure gives the same numeri-
cal results as would be obtained if, instead, the mag-
netic induction (B) were given in gsuss; but the use

of H seems to the asuthor to make calculations clearer
dimensionally.)

The constants in the approximste perturbation
solutions to the energy levels in "parallel™ and "per-~
pendicular®™ ceses were adjusted to give an approximate
fit to these results. Then finsl corrections were
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made using the computor programme, ultimately fitting
the spectrum to within the nearest 3 10Mc./s. on the
outermost lines {which corresponds to an uncertainty
in their position of £ 3 ocersteds). The appropriate
values of the constants were then 3

g, = &, = =2.0026 (* 0,0005) ,

D = + 1.044 (¥ 0.001) Go./s.,
(2-F) t 0.356 (¥ 0.003) Go./s.,

lal = o0.370 (* 0.010) Ge./s.).

The central line was comparatively narrow
(5 oersteds), and by use of a DPPH marker it was
measured to within 0.5 cersteds, giving an accurate
velue of g+ The outer lines were much wider (10 and
25 oersteds in the best sample), makinz the limit of
experimental socuracy of the fine structure measure-
ments approximately 3 oersteds, which was the error
noted atove.

Measurements were slso made at liquid air
temperatures (77°K) at X band, snd in this case, the
epproximate values of the constants weres

, =  2.0026 (* o0,0005) ,

&u = 8

D = + 1,074 (% 0.001) Ge./s. ,
(a=F) = % 0.363 (% 0.003) Ge./8. ,
la] = % 0.375 (¥ 6.010) Go./8. &

The significant change in the value of D apparently
results from a change in the unit cell dimensions as

the temperature is lowered.

heb Zero Field Measurements.

As a further check on the sccuracy of the
Spin Hamiltonian description of the spectrum, it was
decided to mensure the energy level sepsrations at
zero magnetic field. These measurements were kindly
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teken by Hr. HeF. Symmons of the National Stendards
Luboratory, Chipupendele, W.3.7, during a visit there
by the author in December 1963,

This zero field spectrometer has been
described by Bogle et &al, (1961). Lt 77°K, with a
four gm. polycrystaline sample of Benitoite, it showed
one line at L8k Ge./s. ond = wesker one in the range
1056=1.6560./8. {the uncerteinty in this latter case
teing due to an instrumental effect).

From the energy levels of Section Lheh 1, we
see, that in zero magnetio fields, these transitions
are approximstely given by :

2
v:t[#Dvg(auF).'. g.g.-.;'.' :]s
540 + 3(a - F)
20 32
anz[ 2D+%(a-—?)+ : ]
540 = 3 (a = F)

(to within ¥ 0,001 Ge./s.; for the persmeters found
above). On substituting the values of the consztants
obtained nbove from the ¥ bend messurements at liquid
air temperatures, into these approximate equations, we
obtain the values 4.8306¢0./s3. 2nd 1.593Ge./s. for v
(the exsct computed values are 4L.829Ge./3, and
1.59366./8.)s lHence these results check, (to within
experimentsl error), with the e.s.r. results of section

Lobe

bo7. The Energy Level Schemes.
¥ith the aid of the svigenvelue prozrsmme and

experimentslly determined constents, we ¢an predict the
energy levela of the 3pin Hamiltonian of Fe'** ions in
the Berium sites in Benitoite for any direotion and
velue of the epplied magnetic field. The energy level
schemes for velues of the applied field, ranging from 0
to 5,000 ocersteds both parzllel end perpendicular to
the ¢ axis, are shown in Pigs. 4.7 2nd 4.8, (where the
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upper signs of the parsmeters given in Section L.5 are
used).

he.8 Irensition Probabilities.

We heve solved the time independent
Schrodinger equation

for the characteristie velues of Bm’ and so we ocan find
the corresponding charscteristic veectors |m ) by solving
the appropriate sets of simultaneous linear equations,
and hence caloulate transition probabilities. We begin
this calculation by noting thaet the interaction

energy of the microwave field with the sample can be
represented by the time dependent operator i

Hy, = $ ep B8 [:exp(iwot) + exp(~ imot) :}- (1)

So the total system including interactions with the
static and mieorowave meagnetic fields, can be desoribed

by the time dependent Schrodinger equation @
allL S

i " = (B, + H) ¥ ) .

Following the usual procedure (Schiff (1955) for de-
termining trensition probabilities, we oxpand the |M)
in terms of the set of time dependent orthonormal
state functions |m ) exp (-iEm t/45), thus

g )=z oln) exp (-a2, ¢/5 ) .

b

5 (3

Hence, substituting into (1) and cancelling, we get
d : - : v =

1A ‘i‘t(‘g) [m) exp( iEEt//h)a Eaan.,!g)axp( iE&t/&i) '

whence on multiphying by (n | we obtein
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i %‘t (ag) = Za,(n |5, [m)exp [ 1(23-3&) t/ﬁj .

Now assume that at time t = 0, the system is in the
stationary state |m), hence on putting wnm=@£~E&)lh
we have 3

d
ik at(°a)° = (n !H’ Im ) exp (1 wnmt) 3

%
. 4 /
tesy 2 TF | (n !qug) exp(iwnnt) at, (2)

for times (t) for which aniis not appreciably different
from unity. This will ~ hold for all t in the sb-
sence of seturation effects. Hence on substituting

(1) into (2) we get :
exp [1(wmm°)t3 -1 . ex{i(wn;wo)t;j-i)

o 1
sp= —5 (alE, .8 [m) L
= 8 . Z am * W @ an "

Hence for En > Em we have

I

21
la 022 & 1o lE.3 la)I2 s f(“_z_z_,n:“’g“ . (3)
25w, - ®,)

In order to get a transition probability pro=-
portionel to time for the resonance lines, we now take
into account the distribution of the eclosely spaced
group of energy differences En - En provided by the
various line brosdéning mechenisms, e assume that
@, p D85 & normalised density function p(wnn). Then
the overall transition probability between the sets of

states lebeled by n and m is
£ [ a2
Pam * % - ‘agl olmy) @, i

Since p(wnm)ohanges compsratively slowly with @

compared with lanlz, we have from (3) above 3
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(2 lg,.s @%@, |

nm ,ﬁ2
or
- %%f [(a la,.5 1m) |2 2(v) .

on putting #(v) egual to the normalised frequenocy
response of the oseillator to incident monochromatic
radiation, This ecen then be seen to bhe equivalent
to the result obtained by Shulz-Du Rodis (1959).

¥e can write the intcroction ternm H,°8 in
the form 3
Ho+S8 = % (B_s_ + H 8.) + H_ 8 .

Hence we can compare line intensities, 17 we Znow %he
direction of g with respect to the erystal field co-

ordinate system and the matrix tlements of the besic

components of the tronsition saplitude operator i

T*a(gls*!;!)
T = (2 s, ian )

.= (a ls_Ilan )
These maitrix elements san be csloulated using equation
{2) of Scotion hLek.3, viz.:

le)= 2 a@,w Ju) .

and the standard forms for the Betrix elements
(v | S+iM), (w 185 I) ana (N‘S”’ﬂ).

As was shown in Seetion Lelhe3, for the given
value of @, d(m, M) is given by

i(m, ) = & = usedv |,
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where u and v can be found by solving the set of
simultaneous eguations (%) of Lebho3 for the given value
of Em' This was done on the 1620 computor using the
programme listed in Appendix B 3~6. The first programnme
caleulates the matrix slements of the Spin Hamiltonian
and punches them on cards as data for the second
Programme which soclves the Em s U and ve
4«8.1  Iransition Probebilifies of the Parallel Spectrum.

For the sinmple case in which H is parallel to
the ¢ axis, the off-diagcnal elements of the Spin
Familtonian matrix are very small and so we have

approxinately 3

I;l;) ﬁ'lx) ]
where the value of M corresconding %o & depends on the
way in which we ohcose the labels m for the perturbed
states. We can sece that the only allowed trensitions
between different states are those celoulated from the
values of T, and T_ corresponding to (K!S_IM + 1) ana
(ﬁ’S*lH~1). Thus for the rediation field H_ parallel to
the x direction, the relative amount of energy absorbed
per unit time for the transition m — n is given by :

Ex = !( ;‘Jsxl E)lzo
This c¢an also be written as :

4 2
E,=g l(uls +s | w)% ,
whiech ocan be seen to be non-zero for

B, =31 | (uls, Tue1) o (uls_luen)|?

These are shown in Fig. 4.9. Here the values of the label
n are chosen s0 as to inorease in integral steps from the
value :§[g in order of inoreasing energy; in this way the
| m ) become the | M ) in the strong magnetic field

limit. Hence we see that the discontinuities in the
figure result from erossovers of the
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energy levels (which cause n different value of M to
correspond to a given g}. The singularity in the 1[3
and =3/2 transitions in the neighbourhood of 700 oersteds
is due to the repulsion of a psir of energy levels caused
by the small non-gzero off-diagonal metrix elements of the
terms of the form ”35*382¥ The experimental values of the
relative intensities of the lines obtalined by s double
numperical intexration of the derivative lines of the
*parallel® spectrum at ¥ band were in the ratio 1,22
1.90 1 2425 5 1495 3 1.21, which is in agreement (to
within experimental error) with the predicted ratio of
1625 3 2.0 § 2.25 1 2.0 t 1.25,
4L.8+2 Transition Probsbilities of the Perpendiguler

Spectrume
For H perpendicular to the ¢ axis, the

eigenvectors | m ) of the Spin Hamiltonian whose z axis
is chosen perallel to the ¢ axis are more compilcated
functions of the | M ). However, owing to the isotropy
of the spectrum in the perpendioulsr plene, it suffices
to consider the relatively simple case in which H is
parallel to the x axis., Here the imaginary elements in
the matrix (5) of Section h.k.3 are sero, and so the
d(m, M) veotor corresponds to the u veoctor. This
reduces the computing time reguired to celculate the
values of d(m, ¥). These were calculated by the

method shown in Section L.hk.3, then fed into the
progremme listed in Appendix B 7, to give the values of
T*, To’ and T_, and hence, the amount of energy absorbed
per unit time from the radiation field Ho linearly
polerised in the y direction, (Ey)' A typical page of
output is shown in Appendix B 8. Values of Ey for the
allowed 6 m = 1 fransitions are shown in Fig. 4.10.

Xo other transitions were large enough to be observed
with the radiastion field {Ho) in the y direction.
Note that in the strong field approximation, the
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transition probabilities tend to values corresponding
to those of the pure | M) states which were seen in
the case of the parall:l spectrum.

#e notlced in Section 4.L4.2 that in the
"perpendicular® case the D term mixes states | M) and
¥ 4+ 2) 4n a Spin Homiltonian vwhose z direction corres-
ponds to the present x direction. Henoce the resulting
values of |{z | S, [gzg)!z {which might become guite
large for signifiocant vslues of D/gSH) correspond %o
values of |(m ,ﬁx I!ig)[z in the present system.

These matrix clenents were computed exeeotly using ths
programmes discussed above and shown in ¥Fige. k11,
They were seen to correspond to the forbidden transi-
tions(shown in #iz. L.12, which were induced when the
applied r.f, and D.C. magnetic fieldz were parallel to
one another and perpendicular to the ¢ axis.

The experimental ratios of the relative inten-
sities at X band of the allowed lines labelled 3,4, and
5 in Pige Lok were 2,28 ¢ 1.72 1 0.83. These were in
egreement with the prediocted ratios of 2.28 3 1.75
0099, {(lines ¢ and 2 overlapred and so were not
anclysed). The forbidden lines near g=4 shown in Fig.
L.12 were found experimentslly to have about 107 of
the intensity of the s21lowed lines = this agaein is in
accordence with the celculated values shown in Fig.
Let1.

%9 Fitting the Forbidden Lines.

Attempts to ecocount for A M = 2 transitions in
other materisls using perturbation theory usually involve
considerable diserepancies, {e.z. Bleaney and Ingram
(1951), Hatarrese (1961)).

The four forbidden lines of the perpendiouler
speotrum studied in this project zlso could not be
accounted for by using the second order perturbation
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theory of Seotion L.4.2 ; (errors of up to 80 cersteds

were found, while the experimental error was less than
+10 oersteds). However satisfuctory agrecment between
ths Spin Hemiltonian and the experimentsl results at

77 K could be obtained using the method of computor
diagonalisation as the following tsble shows :

Magnetic,Field(oarateds) ;:2§32::y (Gc./a.) g?::gg:gy
(Geo/8.)
2,205 ¢ 10 9,264 ¢+ 0,005 9.258
1,675 & 6 9,254 4« 0,004 9.258
1,312 ¢ 6 9.265 + 0,005 9.258
1,150 &+ 10 9e24h 4 0,009 9.258

We may also note that second order perturba=
tiom theory incorrectly predicts that the relative
transition prbbabilitiea shewn in Pig. L.12 have
values tending esymptotically to infinity as H tends to
zero.
Le10

Other Weck Lines.

tssuming they come from Fe*** ions in & tri-
gonal site (Tit** probably), the five lines labelled
#gbyoyd and e in Pig 4.3 can be accounted for by a Spin
Hemiltonian of the same form as that of the meain spec~
trum, but vhose paremetors (at 300°K) are :

g€ = 1.998 s Qtﬂﬂi »

D = ¢ 0,734 (& 3) Go/s,

(a=F) = = 0.380( g 3) Go/s.

e note that the axiel field term (D) 1s 307 smaller
than 1t is in the main spectrunm, indicating that the
weak specirum comes Prom a mere nearly cubic site.
This 1s consistent with the X-ray data which indicate
that the Ti*** site is more nearly cubie than the

el

larger Ba™ "site, (we are assuming again that there



58
is no significant distortion of the site when the Fe't*
ion is substituted in).

Lel1 Discussion of the Results.
The allowed and forbidden lines of the main
spectrum, due to Fe**t ions in trigonal sites in

Benitoite, can be acocounted for (within an experimental
error determined by the line width) in terms of the Spin
Hamiltonian, given in Seotion 4.3.2, for magnetic fields
ranging from O to 13,000 oersteds. No experimental
evidence was obtained for the variation in values of the
parameters between the Kramers doublets, or the changes
in values of the Spin “emiltonian parameters with the
megnetie Iield, which are implied by the more general
group-theoretic treatment given in Section L.3.2.

The ambiguity in sign of the Spin Hamiltonian
parameiers given in Seetion 4.5 could be resolved by
reasurements at liquid Helium temperature. However in
the meantime we may observe that universal experience
and the theoretical predictions of Powell et al. (1960)
would lead us to expect that the sign of "a" is positive.
Hence, if we assume that "F" is comparatively small (as
its fourth order character would lead us to expeect), we
can see that it also must be positive, and that
consequently ™D" is negative., laking these assumptions,
and converting the units to the conventional cm."1, the
parameters {(at room teuperatures) are :

8 = 2.0026(+ 0.0005) (isotropic) ,

D« =338,2 (& 0.3) x 10"%em.™" -

8 = 1235.4 (2 1.0) x 10™%en, " .

Fau 80 (2 3.0) x 10 %em.~? 5
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We notice that the measured "g% value does not
show any strong deviation from the free spin value of
2.0023 and so there iz no evidence of covalency or other
deviations from the crystal ficld model.

The possibility of distortion at the
svbatitution sites makeg it difficult to determine from
the spectrum slone whether the main spectrum is due to
re*** jons in Ba or Ti sites. Assuning there is no
such distortion, the Bs site scems the more likely.
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CHAPTER V

Rl

Ma'" in Trigonel Sites in Smithsonite ond tpatite.

Bet Properties of Smithsonite,
Emithsonite (8n663) is an ore of zine which

hes the Cseloite structure. In mounting such erystals,
it 18 neocessary to allow for the fact that the
tetramolecular cleavage rhombohedron differs from the
true bimolecular unit, (Wyckcff, (1950)). The zZn**
iong are situated in two inequivalent sites on threefold
axes (see Fige 5¢1)s These are rather similar o the
pairs of %irigonsl sites noted in Benitoite. Smithsounite
rerely occurs in well erystalliged forma, and even when
it does, its fracture is uneven, It is brittle b
8 = 545+ Iu colour it is usueally *hite, but impurities
often give it a greyish, greenish or brownish tint.

One fairly well erysiallized form from South-
Yest Afriea studied in this project was shown by Ilanme
spectroscopy to contain sbout 10 parts per million by
weight of manganese; snd it was nlso observed to have
structural e+.s.r, spsctrum with more than thirty lines,
most ol which were strongly angle-dependent.

52  Zgneral Charsoteristics of the Spectrum.

The spcetrum was investigated at X band for
megnetic fields up to 7,000 cersteds. At most anzles
many of the limes were poorly resolved; however, with
the magnetiec £ield slong the o axis, the lines joined up
in palrs 2nd intensified, giving the spectrum shown in Flige
5¢2¢« This corresponds to two identical superimposed
spectra, showing distinetly 22 of the 30 lines characten=-
istic of the allowed mangenecse spectrum, $ogether with



Projection of the Smithsonite

Fig. 54

structure on the plane 001.

(After Wyckoff (1960)).
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the 10 forbidden 4&m = 1 transitions associsted with the
central sextet, (Blecaney and Ingram (41951)). With the
megnetie field in the plane perpendiocular to the o axis,
the speetrum was isotropie; but only the central sextet
and associated Torbidden lines were clearly resolved
(see ¥igs 5.3)s This poor resolution of the fine
structure of the allowed "perpendicular" spectrum
turned out to be foriunate in thet it did not obscure
the forbidden &m = 1 lines, as ocecurred in all other

maoterisls with n'*

spectra studied in this project,
¢3  The Zeeman Effect in Wn'® Tons ip e Trigonal ¥ield.
Un*t like Fe**+

when substituted into the two inequivalent %rigonal

has o 68 ground state and so,

sites in Smithsonite, could be expeoted to show crystal
field splittings of the ground state of the same

- + F .
pettt in Benitoite {since

general form as in the case of
in this cose, es in the previous one, the two sites differ
only in the direction of the sxes of the cubie component
of the crystal field). But in sddition, in this case,
the 1007 abundant 55Mn in natural ¥n has a nuclear spin
I = 5/2, which is known to have interactions which camse
a furBher splitting of the energy levels studied by
€esS5erees In some substances, experimental evidence has
2130 been obtained Tor the e feot of nuclear gquadrupolar
interactions of this ion with the gradient of s trigonal
electric field at the nucleus {Folen (1962)) =ana
(%chneider and Sircar {(1952)).

It has become customsry to sallow for sll these
nuclear interactionsby adding to the fine strueture
Spin Hamiltonian (Hs of Section 4.3.2) nuclear hyperfine
terms, whieh for & trigonal site are of the form :
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b

My = AS T 43B(S,T 45 1) - som.1 + § 12 - %1(1*1{] » (1)
wvhere the z axis is again talen as the trigonal axis,
(Low (1960)). 1In equotion (1), the first two terms repw
rezent the dipole~dipole intercotion of the magnetiec
moment of the nucleus with that of the unpaired
elecirons; the third term corresponds to the eff'ect of
the applied magnetic field on the nucleus and the P

term to the guadrupolsr intersction discussed above,

5¢% Calculations Esing 2trong Magnetic Field States as

Basic Vectors,

In the case of » strong magnetlc field acting

on & system having nuelecar 3pin I as well as electronic
spin 8, each electron spin energy level splits into

2T + 1 levels. Hence the resulting secular determinant
of the perturbations dae to both electronie and

nuclear spin will be of order (28 « 1)(2I + 1). This
corresponds to a 36x36 determinant when S = 5/2 and

I =5/2 as for ¥n**,

Sveh large determinants are difficult to solve
exactly snd s0 perturbation procedures hzve been
developed. These are ressonably accurate when the crystal
Tield perturbations are Bnall compared with those due to
the magnetio Field. IJowever cape must be exercised when
this is not so. 1In the case of Apetite, to be studied
later in this chepter, even a first order pebturbation
theory esnalysis indicates that the D term is conparabvle
with the Zecman splitting; so in considering higher
orders of perturbstion, it is necessary to take as the

2 - 45(3 4 1{]

unperturbed operator HQ = ZFH.S + ﬁ:sz
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instead of the Ho = gfH.S , used by Bleaney and Ingram

(1951) ané subseguent workers in this ficld.

Beliet Energy Levels With H Parallel to the ¢ Axis.
Here,using the fine structure Hamiltonien

Hs of Seetion 4,3.2 and the nuclear terms in eguation
(1) of Seotion 5.3, the total effective Hpin
Yamiltonian representing the interactions of both the
electronic and nuclear spins in an applied magnetie
field can be written as :

Hg = gfHS_ + D [éz 35(3*1):} 355 + 303(3+1)s5

180

v 2555 - 65(241) + 38%(ss 1)“F4b“ {sf exp(-31¢)

.82 exp(sm)}»is'f exp(-314) + 52 axp(}ie&)}sz
o

1 ‘ N i
: =B(3 s I = I(I
+ AS, I+ 8( *I_+ - +) gIBHIz+ﬁ:I‘“% ( -M)mJ 5
{(choosing the trigonal exis as the 3z axis).
70 second order in the perturbation theory {and
using g"ﬁHsSz + DSi
obtain for the energy levels within the ground term :

s the unperturbed operator) we

2
| 9y . 1(a=F) = 202
E‘5/2’m = 23“ﬂH + BD 3’(3' F) ZT(S.HH'Q!})

”gﬁ’ k(guﬁﬂ*%D)(: ko m(m*1zj

~gfn + P (2% - 22)
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-2 .2 E
Eos/2,m = “3&FH = 3D + (a-F)

a8 i

. 35 .
2" % (g,PH-2D) i ’ n(n+t) |

+ 552 22 . o (a-1 )"5
1 (g, FE-LD) | "k |

-gfin + P(n°-20)

26,60 - &> - 2 (a-p) - 208"

-t 2 B
- 3 9B° " 35 .
zAm v BH L . n(med )J

2
&B 35
*i(g, FHE-2D) | &

- nlm=1) |
nym —j

- gfn + P(n® - ,;‘3%) ,
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E .y ! 8 . 2 =
, e tg AN - SD - &(g-F 208
/2,m " 3 3("‘ )+ 27(g,;fH=2D)
2 _...
1an - —8B
+238 = (g, FH+2D) i "‘(m”).}' ,,ﬁ '& ®(n-1 ):'
-gfHm + P(n® - é%) ,
E 2 -
3/2,n = zg,,ﬁH -51) + (a=F)
+2"" L(g,PH+4D) ll- = nln )J
g
*¥(z,PH +2D) 2 - nla-1 ):]
-gIﬁHR * I:’(m2 - 2&) .
- e 2z pH + Op . 208
Dyt _ -F 228
5/2,m = 25 30 = ¥(e~F) + TS Eh)

5 582
*2'" * [{g,8845D) [22 i )]

~gfHn + P(32 - »2)
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S5elie2 Energy Levels With H Perpendicular to the o Axis.

On transforming the offective Spin
Hamiltonian of the lcst section into a coordinate system
whose 2 axis corresponds to the x axis of the original
system by means of the itransfermation given in Appendix
6, we obtain (with H along the x axis) :

s L.a g 2y fa-F) i
Hgy = 6.FHS +D(S %45 S + 5.8 + 8_7) ~33556| 35(s

34 24 2 3 2
3 S S8
+a* $_S+ + 5, b_*S* 5_ +S_S+ +u”a+3_8*+S”S+ S.

5 a2, 2
+5_°S_

2 2 2
S 8 3 8 &
«5_5 & +S+Sas* +S+ - S++ +S~S+S_+.+S_

&y

3 = L e o l.‘ = 2 . 2
+5_75 +8_ 78 5_#8_7) 950(s, +8 8 _+5_8 5 _ i]
& 1 1 £y 3
+85, T +7(84B)(S T 451 ) + £(2-B)(S T +3. 1)
- HS, + P(I 2+I I +1I. I I 2)
glﬁ & * + = ey 2 #

(where we neglect the small off-diagonal component in

"a® ghown in Appendix C 7, and also some constant terms
which affect all levels equally within the ground state).
This transformation into the original x direction is chosen
only for convenience; sny other direction in the "perpen-
dicular™ plane could be used, as the spectrum is isotropic
in this plane. Using gAH S+ D(S+$m + S_S*) as the
unperturbed operasor, second order perturbation theory
gives the following energy levels within the ground

state @
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10p°
INEPW RIS )

F Y
E s B - A 'Eiﬂ D { g &
"f?fﬁ;ﬁ = zgj_i’ + # {a=Fj

[3]
ol - TN . é -l QDM
“e3/24m * g‘*ﬂ“ + 30 4 JaoF) 4 o R

# - nl{met)

)
- Lo B o 4D o LlewT 2D
Bai/ogn ® = BELPR &+ 4D & i(a=r) o 202g, FH4D]

2 . )
" {35, Fs3B) « 4om - Al )| 5 - alae )j

'

o B o
- ala=1) | = g fHnsdp(a’- 2y,

s

6{a%43") 35
* S{gLOH-1 ) L bk
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1 ; 9p?
= 28 BH 4+ 4D + E(a~F) =

B1/2,m 2(2g, PH4+D)

2
100" 4
*5(2g,AHs3D) * EBB ¢ BgJﬁH [ﬁ = a(n-1 ﬂ

2 .2
S8{A B ] 1
“Blesphin) | 2 - (1) | - epmmira® R

2

: . 2(gef) = D
Bsfo,m = 2 &FH + 3D 5(a-F) 2(2g.PHaD)
2 2 i
2 J - —%‘-’&—ﬂ-—ly - 7
+258 = 5la FH+2D [115; 5 (nst )J

8(a%3%) 33
+3(, FHiaD) u ¥ m(““1{]

~gfHn + 3P’ - 42) ,

B 10p?
L(2g, FH+3D)

Es/z,m = ggLﬁH + D4 (a-F)

250 + 3%8;3H+2 ii - m(m-1zj

-gIﬁHm + %‘P(mz - ‘23) »

(wvhere we negleoct the small second order terms in
P, a and (A-B)).
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565 Fitting the Allowed Zpectrum of Smithsonite.

Here we have an approximate Wstrong fileld

spectrun® where the Zeeman eifect is much greater than
the zero field splitting,and so the allowed transitions
are of the form A¥ = +1, Am = OG. The physical reason
for the selection rule &m = O is that the nucleus may
assume 2T + 1 orientations in the msggnetic field
produced by the surrounding eclectrons. This field is
105 - 706 cersteds, and therefore is mueh larger than
the external field. The r.f. magnetic field causing
transitions between the electronic levels does not
effect the nuclear magnetic moment very much., Since
each electronic level sets up different magnetioc fields,
the trensition between two electronie levels differs for
each of the 2I + 1 nuclear orientations. Thus each
electron's transition spectrum consists of 2I 4 1 lines.
If, as usual, one observes the spectrum at fixed frequency
and variable magnetic field,one finds 2I + 1 approximately
egually spaced lines associated with the cases in which
the fixed nmicrowave quantum equals the differcnce in
energy between the levels, (Low (1960)).

4150 in this®strong field® cese we can use,
as our zeroth order #asmiltonian in the perturbation
calculations of Secetion 44b.2 - 3, the usual operator
gPH.3 , since D is sralls This simplifies the
celculation of the appropriste constants as we can put
D equal %o zero in the second order corrections %o the
enerzy levels derived in the lsst section.

ith the magnetioc fiegld parallel end perpen-
dicular to the itrigonal axis of the crystal, %he
sllowed lines obtained at 386°K shown in Figs. 5.2 and
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5¢3 were accounted for by *the parameters 3

B,= 8, = 2.003 & 0,001 ,
) QP Lie3 (21) ocrsteds,
(a=F) = & 12.2 (21) cersteas,
A=y 91.8 (24) oersteds,
B =¥ 92.7 (#1) oerateds,

where the relative signs are given by the spacing of the
lines, {Bleaney and Ingram (1954)). The rather tedious
algebra involved in the relevant caleulations was
carried out on the 1620 computor. Fortran statevents of
this programme are shown in fippendix B 9., One nmay
notice, thet for completeness, the programme includes
third order terms in D and A whiegh although not very
significant in this case were useful in interpreting the
forbidden lines, as is explained in the next section,

5.6 Fitting the Forbidden Spcetrum of Smithsonite.
Forbvidden hyperfine transitions (Am = 1)
have been observed in the evs.7. spectra of in* in

various compounds by Bleaney and Ingranm (1951),

Friedman and Low (1960), Hatarrese (1961), Folen (1962),

Schnelder and Sircar (1962) and Wolga and Tseng (1964).
The latter thres zuthors show that, when

making messurments 4o within s freetion of an oersted,

third order serturbation theory terms beconme significant.

flowvever they make significsnt eniculational errors : Folen

onits an important third order correction to the energy

levels involving 33 and both Schneider and 3ircar and

#olga and Tseng misinterpret ite effect on the spacing
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between the forbiddem transition doublets., Heonce the
foliowing indepe¢ndent %treatment is given, in which
allowsnce is slso pade for exasanining the effect of using
gRHS « DSzz as the zeroth order Hamiltonian (inste=d

of the more usual gﬁﬁ.ﬁ)on the somparatively large
second order terms.

Here we add tov the second order perturbation
theory energy levels derived in Section 5.4.41 all the
significant third order terms (using for convenience in
evaluating these terams, the unperturbed operator of
ghPH.8 , whieh ie valid since they ere very small). ¥e

5 of the form suggested by

find a2 significant term in B
Lecroix (1557), and another important term in 3°p
derived by Bleaney and Rubins {1951).

Third order terms involving "a™ hove also been
derived by Cavenett {196L); but these represent corrections
nueh less than the experimental errors for 21l values of
*a® enccuntered in this project. Also the third order
term in D4 derived by Wolga =nd Tseng (1964) had no efiect
at all on the "parallel® case, and in the "perpendicular®
case, merely shifted the forbidden doublets together,
snd s0 had no effect ou their spacing. Hence we obtain
the follewing values for the Y = g% energy levslg when
H is parallel to the e axis
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® = =g BH = ..8.]) = g(a-zg) - 2032
B1/2,m 28y 30 7 3\ T 57, AHe2D)

+ ZAnm - gfln + P(m2 - %?)

82
- Wemmy | 2 - m(“’)j’ Le, PR [ § - e )J

il e 8 oo ]
= 5(8 BH) { [15 - m(m+1{J +h[:25 «m(m~1{]}

2
SRR -85 . 2¢a- 208
Boif2,m =" 28,8 = 3D - Sa~B) + mmrosRIEY

- ZAm - g fHm + P(n? - %g)

- ng;ﬁ{::é ~m(u+1{j + ETE%%QZEEi:Ei *m(m~1{]
z;(::pﬁ)z{{% AR )J[%n} {2& o )][? 5 ]}
i 3(5,,511) [ [‘K" P )..J e [ﬁ S ):B

Hence for the "parallel”case, the resonance condition
corresponding to the transition |[%,m)—> |- 4, m~1) is
determined by the equation :
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2082 s 2052
27(g,FH+2D) ~ 27(g, PH-2D)

o= g, BH + 3(2u-1) -
+ g,fH - P(2m=~1)
- 833~*=v 22 ~m(met) | & B2 22 ~n{m=1)
4(g, PR+2D) & L(g,FRY &
88 '
+ ET%;Eﬁ*“ ~m{m- 1{] Etgjgﬁ:ggi: (m”1)(M*2{]

3 2

B 2 12§ 22B°D

+ (2m=-1 ) (2 ~n- )+ (2m-1) .
4 (g, 0H)2 . 3(g,00)°

Similarly for the resonance corresponding to the
transition |3, m=1)— |~ 4, mn) , we obtain an
analogous equation

2 2
A 20a i 208
W = gFH « 2(2““) T 27(g, BH+2D) ~ 27(g, PH-2D)

- gfH - P(2m-1)

8 2 2
e m%ﬁ:‘ﬁs{iﬁ - n(n=1 )}h; 2 . (m-»‘l)(m-z)]

2 = 2
B ﬁ - . i - c-uwg-gv«-—— ﬁ - =4 .
+ lt.g“ﬂ 1 m(m*', )J I‘.(g"ﬁﬁ_zﬁ{ L m(m 1)]

B

(2m=1) (m2=m4 Zé) .
w(g BH)?
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On dividing both these equations by g,Ff and subtracting
the second from the first, then on putting H = h/g,f s
we obtaln as an estimote of the difference between the
magnetic fields correspsonding to these two resonances @

12 2 23
AL [%Ho + ZH “f 9D'L P HqJ

3 2
DR P P
“0

(where the primes indicate that the paremeters are now
measured in oersteds).

The terms in the first set of square brackets
give the average spescing of the doublets, while those
within the second set indicate the systematic change in
spacing &8 m ranges from «3/2 to 5/2 in unit steps.

When D' is very small compared with H (as it
is in the spectrum of Mn™" in Smithasonite) then
equation (1) mey be written :

~47312 32
A = [123 + 2-'-- HJ [ - 22B 2D' + ZP’J(!m»U .(2)
o 3H
o

This is consistent with the expressions derived by Folen
(1962), except that he omits the term in B'>/H % . It
also compares with the expressions used by Schneider and
Sircar {1962) snd Wolga and Taeng (1964), except that
these guthors incorrectly use 22 instead of ~% as the

2
eseffiglont af the Yerm in 3'5/H°z.
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In sddition to this expregasion for the
spacing of the forbidden doublets in the "parallel®
case, it was found useful to derive an analogous
expression for the "perpendicular® case. This was found
to be :

2 042 8 3 . =
AR u{:i7(a' ¢B'<) . oo Hé] [ 67B'?. _ 22B'“p! *P:J(2m°1)'

4H 4 2 2
¢ (M#KQ 650

(3)

Using the parsmeters found from the allowed spectrum,

it was possible to obtain good fits to both the "parallel"
end "perpendicular® forhidden spectra without involving
the use of any observable quadrnpcle interaction. 2
comparison between the experimental values and the
theoretical values (with P' = 0) is given below :

Parallel Case.

" 8H (experimental) 6H (theoretical, P' = 0)
IR 31.8 oersteds
#27,2(+1.0) ocersteds - 27.8 "
24.8(20.4) " 24,7 g
22.0(20.4) o 2146 g
19.2(20.4)  ® 1846 "

(* This doublet was difficult to measure accurately
being partially obscured by = pair of allowed lines).



76

Perpendicular Case,

8H (experimental) AH (theoretical, P' = O)
29.8(20.4) cersteds 29,9 oersteds
27.1(20.4) " 27.2 "

24,5(x0.4)  * ko5 »

22.3(+0.4) " 21.8 »

19.6(+0.4) " 1941 .

The very smaell discrepancy between theory and
experiment shown by these tables could he explained
either by invoking =2 very small gquadrupolar term
(P* = 0.03 oersteds), or as seems more likely, by the
fact that, experimentally, we did not have pure
"perallel® or "perpendicular"™ spectra becesuse of the
imperfect nature of the crystels. This latter suggestion
acocords with the appearance of the "orystals™, which
seemed to Bb a bundle of long orystallites arranged in
a wedge foruation converging to an angle of about 15°,

It is also in agreement with the abmormslly high

intensity of the forbidden lines. Thelr intensity would
be zero in both the "parallel" and “"perpendicular" cases,
according to the theory of Bleeney and Rubins (1961), (which
considers only stete mixing by the third order ternm
containing AZD); however Cavenett (41964) has found
additionsl mixing effects from third order terma in Aza
which do not lead to zero intensities in the " parallel”
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end "perpendicular® cases. But even this effect would
be inadequate to explain the very large intensities
actually observed. In fact these liues appear 4o be due
to the superposition of many lines from separate
orystallites whose axes lie within #7° of the "parallel®
znd "perpendicular” cnses; and hence their spacings, as
well as their intensities, would be expected to differ
from those exactly in the "parallel® and "perpendicular"
directions.

5.7 The Apatite Spectrum.

Some lurge single crystals of Apatite
(Pok)6(3,65)) from Frenfriedersdorf, containing
in concentrations slightly less than 0.17%, were

{ag0
Hn
obtained. These made possible a study of the spectrum
previously observed in polyorystalline samples by
Kesai (1562). Kasai concluded, on the basis of his
observations, that the manganese ions were (in the main)
in trigonal sites which hed a very strong axisl field
(D' & %28 cersteds) and a much smaller ocubic field.

It was possible to obtain e best fit at X
band and at ¢ bsnd freguencies to both the "parallel® and
"perpendiculer® spectra shown in Figs. 5.4 and 5.5 using
the perturbation theory formulae derived in Sections
Sebatl and 5.442 with the following parameters 3

g, = &, = 2.000(20.,001) ,
D' = : L33{+1) oersteds »
(a=?)' = % 3(21) ocersteds ,

96.2(+4)oersteds ,

+1

A' =

B' = 95,5(#1)oersteds ,

*1
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(where the relative signs are given by considering the
spacing of the lines in terms of arguments analogous to
those of Bleaney and Ingram (1951)h However subsequent
to the completion of this snalysis, the author was
informed of some similar results obtained by
Bil'dyukevich et al. and reported to the Conference on
Paramegnetic Resonance, Kazan 1960. "he parameters
communicated to the author by these workers are as
follows :

g = 2.003(20.001) ,
Ipl* = 433(24) ocersteas ,

la]* = 3.5(s1) oersteas ,
fal®
[Bl* = 93 (31)oersteds .

96 {¢1) oersteds ,

The dif'ferences between the two sets of results may be
due to the use of specimens with different Fluorine and
Chlorine contents; such varistions are common and cause
astructural variations, (Thewlis et 21, (1939)).

However the author was able to observe for the
first time the forbidden &M = 2, Am = O transitions in
the above sample (sece Pig, 5.7), and also the forbidden
AM = 1, dm = #1 transitions in a rather more dilute
sample from Onterio (see Fig. 5.6). This latter sample
8lso Included an axially symmetric defect centre line
with 6 satelite lines; {presumaebly due to an electron in
a trigonal Flucrine site 'and interacting with a nearby
¥n** centre, as has been suggested by Bil'dyukevich).
This line ocould be removed by annealing the sample, af'ter
which the central pair of forbidden lines obscured in
Fig. 5.6 became visible.
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A comparison between the experimental walues

of the spescing between the forbidden hyperfine

transitions snd
equation (1) of
following table

the theoreticel values given by
Section 5.6 is indicated in the
for the "parallel" apectrum :

dH(experimental )

AH({theoretical,P'=0)

34.3(#0.4) oe,
29.2(+0.4) *
26.9(20.4) "
24e6(20.4) *
22.2(£0.4) "

31.8
29.2
26.5
23,8
21.2

B8

”

]

]

L

AH(theoretical,P'=+0,2)
31«1 oe.

28.8 *

26,5 ¢

24,2 *

21.9 "

The sverage experimental spacing of the

doublets is 26.8 oersteds, which compsares to within

experimental error with the 26.5 oersteds prediocted by

vquation (1) of Section 5.6

but it is not in

agreement with the 26.1 oersteds predicted by equation
(2) of that Section (which corresponds to the ususl
theoretical approach in which the D term is not used in

the zeroth order of the perturbation treatment ).
The forbidden AM = 2, Am = O transitions shown
in Figs 5.7 could not be accounted for in terms of the

second order perturbation theory of

Section Hekhe2e

Discrepancies of the order of one hundred oersteﬂs were
noted, dbut in the light of the experience with such lines

due to Fe***

in Benitoite, such discrepancies were attrib-

uted to the poor convergence of the perturbation series.
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It is therefore expected that & good fit could be obtained
by exact diagonalisstion of the 36x36 seculsr determinant.

5.8 Discussion of the Resulis.
The ambiguity in sign of the experimentally

measured Spin Hamiltonian parameters of un*t in Apatite
and Smithsonite can be removed by sassu:ning, as in the
cose of Fe't¥ in Benitoite, that "a" is positive and "F!
is comparstively smell.

Making these assunptions s2nd oconverting the
units to the canventional'cm."i, we obtain, for the case
of Ma*Y in Apatite, an accurate fit to the Spin
Hamiltonian, at room temperatures, with the parameters :

P = 2,000(+#0.001) (isotropic) ,
D s =40L.3(+1) x 10™%em.”? ,
(a=F) = +2.8(21) x 10 *em, ™! a
A = =-89.8(21) x 10" %om, ™1 "
B = -89.2(s1) x 10™%en.”?
P = +0.49(#0.05) x 10 *on."",

Similarly we obtain for the perametera of the
Spin Hamiltonian of ¥n** in Smithsonite, at room temperat~

ures, in units of cm.‘1 ]

g = 2.003(+0.001) (isotropic) ,
D = =bioh(21) x 10 %om." a
(a=F) = +i1.4(21) x 10" en, 1 >
A s =85.9(21) x 10" %em, ™! "
B . -86.7(21) x 10" *om,"" .
P e +0.0(2£0.03) x 10" %en,"" .

In both these ceses, the negative sign
predicted for ™A™ is in accord with all experience to
date. }
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Following the theory of Ven Wieringen (1955),
we can obtain estimates of the percentage covalency of
bhe Mn-0 bonds 28 being about 3% for “patite and 8%
for Smithsonite,

The guadrupole coupling parsmeter (P) repres-
ents the interaction between the quadrupole morent of
the 55%n nucleus and the gradient of the electriec field
seting on it. This gradient is zero in the case of a
purely cubie fieid, so0 it is not surprising that
evidence of such an interesction is obteined from the
Apatite epectrum, where the axial distortion {represented
by the "D" term) is large, but i3 not obtained in the
Smithsonite spectrum, where the axial distortion is much
less,
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CHAPTER VI

Inpurity Centres in Tetragoral Sites in Scheelite and
Apophyllites

6.1 The ¥anzanese Spectrum in Scheelite,
++

The J band spectruz of ¥n in synthetic
Scheelite (cawoh) has been reported (Mempsted and Bowers
(1960)), and it was found that at that frequency, “the
effect of the spprlied field is so dominant over all the
other interactions that only the AM = 1, ém = O
transitions are observed". However some natural specimens
from Yalgoo in TVestern Australis were studied in this
project at X band frequencies where, in addition to the
allowed lines previously observed, the forbidden AM = 1,
Am = 1, and the 4 = 2, Am = O trsnsitions were visible.

The positions of 30 4M = 1, Am = O allowed
trensitions were measured with H parallel to the ¢ axis,
and the 45°variations of the line positions as H was
rotated in the equatorial plane were also¢ measured.
Applying second order perturbation theory te the usual
Spin Hamiltonain for Mn++ in & tetragonal site (Bleaney
and Stevens (1953))

2_35 'q .95 52 817
H, = gfH.8 + B(s, 12) + 3% % S, ~fF S, + TZ_J

" oo b _ I0
+ 3 (s e st 4 8, 1;%} + A8,T, + B(S,T 4 8.1I)

- gfH.L+ P(1 2 - 22)

s £it to the experimental results was obtained with the

parameters i
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8y = & = 2.000 % 2,001 ,

D' = ~147.3 (#1) oersteds »
a' P! ‘ :

1 +* 3 = - 2(21) oersceds s
gﬂl = =10(+1) cersteds a

Al =93+5(21) ocerstedas

B = =95,1(+1) oersteds ®

4

These parameters are in agreenment with the velues cbtained
by Hempstead and Bowers.
6eted The Forbidden Am = 1 Trensitions.,

The forbidden ¥ = 4 «<— =%, Am =+1 transitions
were easily observed with the magnetic field at all
angles off the o axis and the equatorial plane ( on the
¢ axis and in the equatorial Plane the lines, unlike those
in Smithsonlte and Apatite, vanished ). A trace of the
spectrum taken with the magnetic field at 5° to the ¢
exis is shown in Fig. 6.1« Here the ten M = Le¢— -3,
4m = #1 lines are clearly visible, (the two very weak
lines on the left are M = =3/2¢> =%, im = +1
transitions).

In this spectrum, the forbidden M = 7 =,
4m =11 lines are accurately predicted by equation (1) of
Section 5.6 even though this formula was derived for the
trigonal snd not the tetragonal case. This is due to that
fact that this equation does not include the ¢uble field
terms, whose forms represent the only difference between

the two cases.

The table below indicates the gomparison
between the measured spacing at 77°K between the Am = +1
doublets (AH) and the calculated values, predicted
by this theory, for the "parallel® spectrug. (Actually
the measurements were taken about 2° from the "parallel®
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case since in the "psrallel®™ case the lines are forbidden;

but this procedure did not leazd to any significant error),
(c+f+« Schneider and Sircar (1962)).

-

8H (experimental) @H(theoretical,Pso)i AH(theoretical,

PL0.25) s
28.,9(+0.5) oersteds 27.6 oersteds 28.6 oersteds
27.6(+0.5) » | 26,8 ® 27.3 ®
26.4(+0.5) . | 25.9 » 25.9 v
24.9(+0.5) = | 25,0 . 2445 ”
23.4(+0.5) . 2442 " 23,2 "

Again in order to account for the observed
widening of the doublsts towards high flelds,it was
necessary to invoke & guadrupolar interaction, this
time given by P' = 0.25 # %.05 oersteds. Alsc there was
e snell improvement {0.95 oersteds) in fitting the
observed lines when the D term was included in the
geroth order Hamiltonian.
6e142 Low Pield Lines.

At fields between 1,400 and 1,800 ocersteds,
the charactersitic A =« 2, 4m = O forbidden lines of

ﬁn** were seen., Also in this region and at lower fields

a large number of other weak lines were observed which
did not ocecur in the sextets charscteristic on Ma*Y,
Thelr positions and intensities were strongly dependent
on the direction of "the magnetic field; however they
were too weak for detailed analysis,

In another ssmple of black Scheelite from the



85

Larkin Mine in Horth Queensland, nuch stronger versions
of these lines were scen without the complicating Mntt
spsctrum. Many other lines were observed at fields extend-
ing up to 2,600 oversteds. Iz all, some 23 lines were
noted. As these were plainly due to an ion (or ions?)
with a large zerc field splitting, it was decided to
investigate this spectrum on the ¥onash University Q band
spectrometer. Here the seven line ga*** spectrum
observed by Hempstead and Bowers (1960) was resolved out,
together with three other weak lines necar g = 2 which
had different angular properties. These latter lines
have not yed been given a definite assignment.

¥ith the ¢ axis identified by the § band
measurements, the X band transitions were again studied
with the magnetic field now along this direction.
Using the eigenvalues of the factorised secular determinant
of the Spin Hamiltonian fot 6d™** in a tetrsgonal field,
which were evaluated on the Weapons Research Establishment
7090 somputor (see Progrsmue in Appendix B40) the
observed spectrum at room temperature was accounted for
by the parameters :

g = 1:999 »

b o

= - 939 x10™%en.”?

=2L x 10“#quﬁ1 »

o

4

o’

= =145 x 10nacm.“1 »

- “0.5 x10040m0‘1 .

hoF P o NO

ot

See Fig. 6.2 for the consequent explanation of the X band
end € band transitions observed in the "parallel®™ case.



100

80

60

40

20

p

m

l

(Ge/s)

A

L
..<____..._--._._—-..

N\

s

< .T____.___.'_}.,

<mmmmmmmem e

L

N(OE)
l | SN

. Fig, 62

3000

6000

S000 12000 15000

The ensrgy level scheme for the "parallel" spectirum

of G&™™" in Scheelite.



86
The above parameters are in agreement with the values
obtained by Hempsiead and Bowers when they used
second order perturbestion theory to account for the J
band spectrum at liquid asir itemperature (77°K), but
with an exception in the cese of bg, #hich we found
to be 2.5% grester at room temperature (300°K). Such
e variation of the axial b; term with temperature is in
accordance with other expericence (e.g. the case of
Fe'* in Benitoite in Chapter IV). The numerous low
field lines vanished for H parallel to the ¢ axis,
and were apparently the &M # 1 transitions. All lines
were too broasd to display the charscteristic Ga***
hyperfine structure.

6.2 The Lines in Apophyllite.

Large tetragonal ecrystsls of the sheet silicate
Apophyllite KFGah(81205)L.SH20 were studied at X bsnd at
room temperature. The morphological ¢ axis is easily

determined by the perfect c(001) clesvage., One large
clear orystal from Kimberly, Couth Africa showed a
strong line nesr g = 2 which was angle dependent,
having turning velues when the magnetic field was either
in the equatorial plane (where it was isotropic), or
when it was along the ¢ oxis. o other lines were secen
for fields up to 10,000 oersteds. Similar results were
cbtained for flelds up to 15,000 oersteds at O band.
This might perhaps suggest s simple Spin
Hamiltonian of the form :

¢ s 8
H, = gfH S +gR(HS H y) .

8, = 2.0032 &+ 0.0005 ,
gJ._: 200&*55 b4 @00005 .
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Such should occur for =zn eleoctron or = hole in e trigonsal
or tetrsgonel site. An inspection of the erystsl structure
(see Fige. 6+3) shows no trigonal sites, but there are
epparently tetragonsl sites ordinarily occupied by ¥ or
K ions. ©Since the sites are tetragornal, we may conclude
from the axlal symueiry of the aspectrum thet & < 3/2.
Annealing studies were prevented by the very low decompos~-
ition tenperature of Apophyllite.

A greenish erystal from Poona, Indis was also
observed to have sets of very wesk lines near g = 2,
probably due to untt
sites., However no fine structure wase obsceved for

in the inequivalent rhomdie Ca

magnetie fields uz to 10,000 ocerasteds.

Beautiful ametbyst pink, yellow and brown
erystals regorted in other localities (Dana (1932)) may
include more interesting paramagnetic centres.
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CHAPTER VII

Electron Spin Resonance in Glassy Systems
7+1  Introduction,
Very broad lines (over 1,000 ocersteds wide)
near g = 2 were found in some Opszle (amorphous silica)
studied in this project. Also several Australites

(glassy silica meteorites) were found to have even wider
lines nesr g = 2. These latter lines were eventually att~
ributed to ferromagnetic rezonance effects from included
perticles of nickel-iron alloy. However the uicertain
composition of these glasses did not mske them very
useful materisls to investigete. It was therefore decided
to follow & sugzestion of Huggins (1958) "thet in studying
the veriations of properties resulting from the substitut-
ion of smell amounts of other components for a corres-
ponding amount of & given component in s base glass, 1t
should help to use a bzse glass of known composition, such
a8 a simple sodium silicate or sodium borate glass®,

A considerable amount of work has been done on
paramagnetic centres in sodium silicate glasses, so it
wes decided to work with Borax glasses, made in
accordance with the method of the well~known "Borax
besd" test.

7.2 The Structure of Glasses.

In the classicel theory of glesses due to
Zschariasen (1932), the oxides in glassy substances were
divided into "network formers® and "network modifiera®,
and only a {ew compounds were held to sastisfy the
theoretical requirements of a glass. The "network
modifiers™ included oxides of uni, bi and some trivalent
metalse The "network foruers® were supposed to be co-
valently coordinated to 3 or 4 oxygen atoms., The network
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modifying cations located in the interstices of the
network were usually ﬁa+, K+, catt etc., the bonds
between these and the oxygens being almost purely ionic,
Fige 74 (A) shows how this theory represented the effect
of adding & smell amount of NaQO to a 3203 network.
secording to Warren (19:1), "all of the borons remain

in the three~fold coordination and there will be two
kinds of oxygens, nsmely, those bonded to two borons and
those bonded to only one boron. The sodium ions will
try to surround themselves by unsatursted single-bonded
oxygens. The number of sodium stoms and of unsaturated
oxygens ia too small at small sodium oxide content, and
they are consequently too widely separsted for this to
be scconplished effectively®.

However, Douslazs (1958) has pointed out that,
slthough the ®aetwork~former-modifier hypothesis can be
regarded as a convenient first approximation to be used
in relating the physical properties of silicate~iype
glasses to their chemiczl compositions +.., 88 a second
approxisation the nature of the chemical bonding of a
given atom in 2 glass must be considered. In some cases
this may be conveniently described in terms of coordinat-
ion number and lonic field strength®.

More recent optical work by #amford {(1962)
indicates that, as & transition metsal {M) is
introduced into a serles of HaQQ.XBzoj glasses with a very
high B_0O content, the number of oxygens surrounding the
u™ ion is dictated by the network; but with more sods
present, the network is broken up and the M e¢an then
dich%e 4ts surroundings, giving probably & true octshed-

ral O&Jn+ complex ion.
The author's observations of the e.s8.r. spectra
of cutt and Ti¥** in ﬁazﬁ.anﬁ glasses is in close



90
sgreement with this model. These ions were studied in

some detail because, with their effective spin of one
half, they hed simple spectra (Just one line) which
nade for simple analysise

7o3et The Zpectrum of cut? in ﬁazﬂ.ZB?QE.

B

The apectrum of cut® in E320.28205 glass fusead
under oxidising conditions is shown in Pig. 7.1.
The line shape is similar to that observed for
4

Cu in sets of similer axially symmetric sites which are

randomly orientated, as in powders and ligquids, (Kneubuhl
(1960)). It is slso similar to thst observed in sods lime
silica glass by Sands (1955). The Spin Hamiltonian is
obtained by generalising that obtained by Blcaney et al.
(1949} for the Tutton salts giving

»

b 3 i i 7 ot 3 -C' i
H, = &FH,5, + glA(HS 408 ) + 451 + B°(s,T 451 ),

where S = 4, I = 3/2, i ranges over all the different
sites, #nd z is the direction of the axisl component of
the eleotric field st a given site. Hence the line width
can be attributed to the condbined eifect of the dispersion
of the values of the parsmeters znd theilr anisotropy.
Following essentially the method of Ssnds
(1955), the aversge values of gi X gf . at , and Bt
were found from the line shape of Pig. 7.1 by dignoring
any effect due to differences between the sites, and con-
sidering the broad line shape as rvesulting from the random
orientation of uniform tetrsgonsal sites with reapect to
the direction of [l. This turned out to be a reasonable
assunption, ss8 it explained how the asymmetry of the
line shape resulted from there being twice as meny sites
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aligned with H near the equatorial plene as with H
near the tetragonsl axis.

This enalysis indicates that the upper Ffour
iines (a, b, ¢, 4, in Pig. 7.1) ere given by :

hy Bnm
af = H 4 58 ° (n =+ 3/2, ¢+ %)

and the lower four lines (4, B, €, D, in Fig. 7.1) gre
given by :

hy Am 1
— o H —— = % :
P Y E5E (m =2 3/2, ¢ %)

(corresponding to the allowed 4M = 41, fm = O transitions),
These formulae fit the experimentsl results fer

the paraneters @

gy = 2.330 + 0.010 ,
g = 2,040 % 0.003 ,
A = 146(21) x 107 %en™?
B = 33(%1) x 10-&35-1 .

There was no significsnt temperature dependence of these
parameters between 77°K and 300°K.,

7¢3s2 Theory of Cu*? in Na,0.2B,04.

The bérameters obtained above are in close
sgreement with those obtained for the kanown octahedral
cu'* complexes in the Tutton salts {Bleaney et al.
(1949)). Also Bamford (1962) hes shown that gu'’ in
Borax hans the broad absorption band near 12,5000m.-1
characteristic of the Gu{OHz)é** complex. He attributes
this to the splitting by the oubic field of the 3d°, 2p
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ground state of Cu'’ into a low lying doublet I'_ amd s
higher triplet Iy, However this seems argusble (Orgel
(1959)), and here we follow Polder (1942) in
attributing this band to tr:nsitions beiween the orbital
singlets produced by o tetragonal Jahn-Teller distortion
acting on the low lying ?3 doublet.

fecording to Polder, the effect of cubic and
tetragonal fields on the 2B state may be shown as
follows 1=

s
Ts
T
2y, F1
r5 .
12,500ems
"3
Cubie Field Tetragonal TField

Polder concluded thet the terms descriting the %etragonal
splitting were not smell compared with the subic term in
the Cu Tutton salts. Also he showed that the g values
were given by :

%Y
g = 2(1 - g~ ),
A 3

; A
Fs = F3
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where A is the spin corbit coupling constant, which is
taken as that of the free ion.

Substituting in the experimentsl values of
g, end g, obtained above for cu®™ ions in Borex glass,
this indicates that, in that cass,

P, = F5 = 21,000 3 1,000em.”" and Py - P, = 41,000 +1,,000cmT ",
The former value may prove interesting in the light of

the transition near 22,000cm. | observed optically by

Bamforda (1962), but for which he was unsble to offer any
explanation,

The g values are in close sgreement with those
obteined by Sands {1955) for silicate glasses. The
significantly smasller velue of g, obtained in the Borax
case is in accordsnce with the sxpectation of higher
ligand field strengths in sodium borate glasses than in
the sodium silicates,(Bsatorda (1962)).

7ohel  The Spectrum of Ti**¥ in Ne,0.28,0,.

=

The €.8.r. spectra of Ti“’+ ions im lithium,

sodium and potassium silicate and phosphate glasses have
been studied by Yafaev and Yablokov (1962). However,
they report that " in sll the borate glass samples, an
e.5+7e 8ignal could not be detected., Nor did the borate
glesses used have discolourations®,

HMowever, on adding T102 to Borax and fusing under
the strongly reducing conditions in the centre of a
bunsen flame, the asuthor obtained beads which gave the
€+B8+T. spectra shown in Pig. 7.2, These were similar
to the spectrs obtained by Yafaev and Yablokov for Ti*""
in silicete glasses.

Here, as in the cutt case, the asymmetric line
shape would suggest an approximately axially symmetriec
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site (but in this case, g, is less than g, and there is
no observed nucleer interaction). 7e shall asccordingly
use the Spin Hamiltonian 3

i i Bt % .3
H, = g,PH,S, » gJﬁ(Sx».x-n-dySy) 2
where S8 = & and i ranges over all sites.
In the absence of hyperfine structure, it is
difficult to obtain useful measures of the average values
of g, and g, and sc¢ the lines ars deseribed in terms

of an effective g (g }, whose value indicates the

field position whereeiié derivative trace is zero, and
#lly, which measures the distance between the points of the
mexinum slope. The results obtained at 300°K and 77°K
are shown in the table below (where they are sompared
with the values obtained {or silicate glsss by Yafaev

and Yablokov).

e e
Composition 300°K 77°K
by synthesis. AH geff. AH geff.
(cersteds) {oetsteds)
20N320
-795102 79 ¢+ &4 4.92640,002 165 + 8 [|1.89420,001
m
¢5‘i02
20Na20
.403203 67 = & 1+ 94L250,008 122 +10 [1.87%2£0,008
.5T102
- B I A 1
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4+ in Na o.LB 0

2_3°
The violet colouxatlon observed in the beads

Tohe2 Theory of Ti

is in sccordance with the absorption band at
ZO,DOOcme~1 seen in octahedral Ti(H20)$++*
and Schlefer (1951)). Ve expect also a trigonal
Jshn=Teller distortionjsplitting the threef'old orbital
degeneracy of the ground state r$ (given by the sction
of an oectahedral field on the 33 , 2B ground state of
i***), (Van Vieek (1940)). Hence an axially symmetric

g factor is to be expected. liovever this would require

(Hartmann

g values close to 2 and with g; > g,. This could only
occur with & very strong trigonal field and/or with a
large emount of covalent bonding, (Rei (1962)).
Results of a similar character were obtained by Bowers
for Ti*ttY in KTi(Czah)QQZHZO , but the structure of this
compound is not known and so no theoretical account
has been ziven of its g values, (Bowers snd Owen {1955)).
Following Yafaev end Yablokov, we note that
the temperature dependence of the observed broad lines
can be explained by supposing that they represent a
superposition of lines from many centres having different
relaxation times and g velues. Further, we suppose that
gome cenires wilh small trizonal splittiags (anda
sonsequently smell relaxation times and g values) become
wvisible only at low temperatures. This then explains
the broadening of the lines towards high fields as the
temperature is lowered.

75 Damage Centres in Borax Glass,

Optical studies of X-ray flamage in silicate
and borste glass by Yokota {1954} showed 2 bluish absorp-
tion band near 5,000A.U., and en ultra-violet hand near
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3,000A.U., Yokota concluded that the viszible
absorption peak was due to electrons trapped by oxygen
vacancies neighbouring slkali ions in & manner similar
to the case of the F scenires found in alkali halides by
Pohl (1937). The ultra-violet peak was atiributed to holes
trapped in sodium vacancies.

T E
TebHet The Spectrum of Daemage Centres in Hazo.ZBQOEo

Similar blue bsads were induced in Borax bends

during the course of this zrojcct by exposing them %o
X-rays for several hours. Thess beads were observed to
give a symmetric e.s.r. absorption line near g = 2
displaying a fourfold hyperfine splitting (see Fig. 7.3).
This spectrum can be described by a Spin Han-
iltonian of the form 3
i i

KS = g ﬁﬁ»

S Ai

£ 3
-

1)

a5

where 8 = %, I = 3/2,

and i varies over all sites.

For X band measurements at 300°K, the following average
values of the constants were obtained @

2.010 + 0,002 ,

i

&

A = 12.25&1.0) x 10‘hﬁﬁo 1 »
snd at 77°K these became :

g = 2.027 & 0.002 ,

A= 12.2(21.0) x 10" %en."1

Conparisons with a standard copper sulphate sample
indicated that a Borax bead 3mm. in dlameter showed a
maximum of 1017 centres, efter thirty hours of
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irrediation by X-rays from a 34 kilovolt, 25ma. source,
when the semple was situated 3.3oms. from the focal
spot. Further irrsdiation Zave no incresse.

Tabo2 Theory of Damage Centres in NazO‘ZBzo}.

Following the treatment of Zats and Stevels

(1956) for resdiation damsze in sodium silicate zlass, we

postulate thet the X-rays remove the oxygen ion of a

Nl centre in Borax (Fig. 7.4A). The remaining oxygen

with one :lectron hole ( ¢ é* centre ) is responsible for

the sbsorption band nesr 530004, This band is

independent of the nature of the network modifiers present,
Once an electron has been removed from en oxygen

atom, the network modifier will tend to recede until it

lodges in an interstice together with a trapped electron,

thus creating a P centre {sce Figs, 7.4B ). The position

of the absorption band belonging to the P centre depends

on the nature of the network wodifier. In this case,

one finds an absorption band near 5,000A.7, for the

P_ centre.

m The behaviour of the P_ and Q+ centres in

glass 1s analogous with that of F and V centres in

alkali halides. These centres caen be msde to disappear

simultaneously by thermal bleeching or by irradiation

with rays having the waveclength of one of the two

Na

absorptien bands.

The fourfold splitting of the e.s.r. spectrunm
suggests that it mey be due %0 the Q* sentre --= g hole
in the orbitals of 2 nonbridging oxygen ion attached to
a single boron atom, {the I = 3/2 hyperfine interaction
being due to the 847 B! nuclei- found in natural B),

This hypothesis is consistent with the fact that,
although optical evidence sugzests that sanalogous centres



(A)

(B)

Fig. 74 Defect centres due to sodium in B.0, structure.

273
(After Kats and Stevels (1956)).
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are formed by irradiation of silicate glasses

(Yakota (1954)), the e.s.r. spectra in the silicate case
show no evidence of hyperfine splitting (Van Wieringen
end Kats (1957)), the nuclear spin of the 257 abundant
8128 being zero.

7+6 Discussion of the Zesults,

- Further e.s.r. studies on damage centres in
borate glasses containing different percentages of
alkeli may shed more light on the ¥borie oxide anomaly"
(Krogh=Moe (1962)), and the associated changes in the
boron coordination number, The similarity between the
spectrs obtained in this project and those obtained by
Yasaitis and Smaller (41953) for boron in silicate glasses
(where boron is known to be tetrahedrally coordinsted),
(veyl (1959)), may be taken as evidence of the
tetrahedral coordination of borom in Borax glass.

The spectra of both cu** ana ittt in Borax
glass are those which would be expected from these ions
in ooctahedral complexes having very strong axial
distortions, (stronger than have been observed in crystals
containing these ions). Such distortions might be due to
the Jahn~Teller effect, which could be expested %o
cause greater distortions in glasses than in srystals,
since, in the case of glasses, it would not have to
compete with strong crystel field forces in determining
its surroundinzs.

M°5+
under reducing conditions), giving them a greenish
colour (¥eyl (1959))e This ion, like Cu’* and T1*** has

S = # and so0 should be interesting to study by means of

can also be obtained in Borax beads (fused

ess.re (especially as it has e nuclear spin of I = 5/2),



APPENDIX A

Circuit Diagrams of Spectrometer Units.
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KLYSTRON POWER SUPPLY

SHEET No, 2 (PLATE POWER SUPPLIES )
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KLYSTRON POWER SUPPLY
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100% &5 F BURLEY PHYSICS DEFT PHONE 295
EIGENVALUES OF BENITOITE HAMILTONIAN

IRSERT CONMNSTANTS AND READ INPUT PARAMETERS

DIMENSIONALLIZ2.12)
PI=3e1415G26
R8=SOGRTF(8,)
PB DPDTF(5Q)

z ORMAT(1HYIsF9 4 ()
3 FQRNA'(3F8 39F10e8s2F0bel)
7 FORMATI(IH FlUel4sIssI5)
B FORMATI21IHI FELFMENTS I J F1e,0)
11 FORVMATIIHCF1I0.4)
READSTDsAF s ARG 9 JsV
PRINT3sDsAF sAASGF sUsV
PUNCH3 s Do AF s AA s GF sl sV
X=(AA/3e ) %¥5QRTF(20,0)
?—2.*u/3o
Z=wAF /3,
COSU=COSFIU®P1,1380,)
SINL~J1?F(U’?I/180.)
COSV=COSF(V*P[/18C,.)
SINV=SINFIVXPI/i80,)
1 READ sH
PUNCHS o H
B=H*GF

DO12I=1s12
D012J=1912

12 AlisJ)=0U,
ERECT uAuIb CLEMENTS OF MATRIX
A‘L’l)*L+J-“(Y“UTF _U)+BQO.
Alls2)=REXBESINUXCASY
Al292)==Y=3 4% (Z+B*CASUY+RT0,
AlZs3 1 =RB#BA*SINUXCHSY
Al 93 =—b o ¥Y+Z 4 #72-D#CASU+8CC,
AlS e )23 5D05INRUXCASY
A(AsQ)—~w.k.+?.~Z+u’CﬁSU*%OQ.
A 493)»F8’n SInUxCosyY
r\(_’; o )--"‘Y“'_‘J. f(z_-'D*CO\.)u )+RGO.
AlS 95 ) =RE*EH#SINUXCOBY
AlBs6) =245, % {Y+D%CN5U)+800,
DO13I=1s5

—

132 A(I+6sf+6)=A(1sIf
Alls2)=RE#B*¥SINUXS NV
Al299)=RE*BESINUXSTHY
A(391U)—3-3n :INU*SIMV
AlLs11)=RB¥BESTNUXSTNV
AlBs121=R5*¥BHSTNURSINY
Alilsg)y==X
Al3s6 )=

AlT7910 ==X
AlGs12)=X
DO141=1s5
ALT+6sT+7)=A{T 141
14 A(L+1eI+6)=~A{1s14+7)
DOl6lI=1is12
DO16U=1,12
IFLATTIsJ)) 15161
S PUMCHT sAlI s J) 2T 0 J
16 CONTINUE
SOFORMAT(LI2HCEIGENVALUES)



AT

N

PURNCHY
FORMAT (4l H =F9,4,U;
PRINTZ27 ot
PUNCIH27 o H
N=12
OFF=leE-3
CO4I=1sN
DO4GIP=T o N
G O ALIR eI ) =A1] sJP)
BEGIN JACOBI DIAGONALIZATION ISUBRDUTINE

N

INDIC=0
vUM=C . O
KG=ii~1
DOI7I=1+K{y
K=i+1

DO17JF=xeN
17 SUM=SUMHALT s JPYSAIT s JD )
VE=SORTFISUM®2 ,0)
21 KG=z
2 uP=1
23 IFIVF-ABOSFLATUP sKQ) Y ) 24356+5¢
24 INUDIC=1
Gz==A{J17 s ki )
ZI=Ue 5% (AU s P ) ~AIKILIKD))
W=G, SGRTIFIGHCH+ZI%Z1)
IF(Z112%s50s30C

29 W=-W
~ —~ _T - o
33 ":»:;."»Lll"(loc““-"v'*lv‘;, jI

SN=w/ (5GR °

CE5=5GRTF( SN }

HOLD .L—rﬁ\(JpSJD)"K'CS*(-S{'/\(K";’KJ) e OFALIPD » ! \w)
HOLD2=A{JP s JP ) #ONSESNEA (KT KO )+ Q%n(uPsKw)&

D0 544 =3 on1

U =ALL s UPI*CS~ACT s K) 5N

AT e XGI=ATT s UP Y H3L+A{ T oK) %(CE
44 A(le.JP)=D
AP sUP )~ﬁPLuL
ALKGsKQ)Y=HoLD
ALUP Q=0
DO 5% 1=1sl
AlJPsTI=A(
AIKQs T ) =AY
ITF{JF-KGQ+1
oP=JP+3

GO TC 23

1
1 +KQ&)
} 5735G 456

U O U
~ v

59 TF(KG=N) 60962364
60 KO=KQ+1

GO TO 22
62 IF(INDIC) 643643263
63 INDIC=0

GO TC 21
o4 IF(OFF=VF) 652:69+6%

5 VF=VF/10e0

GO To 21
09 DO 121Z I=1.N

1212 PURCHIIATI L)

GOTO1
EMND
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AT s AAsGF slUs
PRIMNT2s 5AF~nf&thvav
PUNCH3 s D s AF s AAsOF s U s V
A={AA/ 3 1 #SQRTF(20,0)
Y=24%D/2
Z“"‘AF/V:)Q
COSU=COSF U
SINU=ZINFH
CNSV=C03F
SIf‘u‘v—uﬁ\'r(v *pP I
READ s+
PwNCF 0 i
=H*GF
Jn121=i9lé
\J.LLJ'-.L’jP
A(ISJ)—U v
CRECT BASIC ELEMEN
Alls1)=Z45,%{Y-B*
All22)=R5%B#*#SINUXCS SV
Al282)2=Y~345 (743 #CNEU1+8CL .
AL295)=RB¥Z*SINURCOSY
AlD 93 ) =L o XY +2 ¢ ¥ Z-DxCHSU+800,
ATB3 94 ) =3 %¥B*¥SINURCOSY
A(4,4‘=—4.¥\+2.%
/'\\(4’ =RB8*3*
(va%)- Y 3
H(“36)—h
Al
uOle—leé
AlI+6s1+6)
h(J_Qu)—
Al{2+0)=R
Al3,10) =3
R
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Al4del1 )=
AlBel2) =
AlLlsh)y=—X
Al3s6)=X
AlT710)==X

AlGel12)=X

Cois 1—195

ACT+69 I +T)=ATI s I4+1
ACI+1oI+6i=~A01s147)
v016I=1s12
U0l6u=1s12
IFCA(T9J)) 152169158
PUNCHT7 919 JsAlTI s )
COMNTINUE
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1009 O P BURLEY PHYS.CS DEPT PHOME 293 B5
EIGENVALUES-EIGENVECTORS OF BONITOITE MAMILTONLAN
DIMENSIONA(LIZ912)95(12912)
GEGIN JACODI DIAGOMALIZATION SUBROUTINE
Z FORMAT4F1668)
5 FORMATI/E1448)
MN=12
OFF=1ebE=~4%
1 DO 3 I=1s12
DO 3 u=lsli2
AlTsJ)=0eC
DO4R=1+26
READsIsdsAlIJ)
4 Alusl)=A(1sU)
INDIC=C
DO 1002 I=1sn
DO 1CC2 J=1 a0
1002 S{I.J)=0.C
DO 1oe4 [=1eN
10U4 S{TIsiy=1eb

:SUf\”I: Ueu

w

SUMTACT s i %Al T+
QRTF{SUMR 2,0

—t
~
o
[
A1

JP=1
ITFIVF=ABSF{ALUD SKD)Y ) ) 2456858
4 ThpDlIC=1
Y==A(JF s k)
L1=Ue DR LA(UP sIP ) ~ATKGIKN) )
W=Y/SORTRFAY®RY+2T1%21)
IF(Z1129930s30
W= -
SN=W/ {OQRTF(2eC#{ 14 0+5QRTF {1 el=w¥uw) )i
CS=SGRTF L ¢ U=SH*SN)
IFINBY43 943934
S(JP»JP)=CS
S{KGesJP)Y==5N
S(JIP KO )=5N
S(KQeKG)I=CS
43 ACLDI=ATUP s P ) #CEXCO+A (KG s KG I #ONRON=2 « URA (P s KN ) ¥5N%C S
HOLDZzA(J?suP)%SH*SN+A(KQ9KG)*Cﬁ’C5+2-O*A(JP9KG)*5N*C5
DO 544 (=19
] =A{1 9 JP)#CS=-ATT »KQ) #*35N
ACLoKQI=ALT s JP ) #SN+A(L ok Q ) #CS
544 A(IsJP)=D
IFINB)Y75197019749
749 NB=C

D3 P

[ANES IS AN

[SV IR
(@RS

e
I~

5

GO TG 50
751 DG 754 I=1eN
D =S5 s JP)#Co=-5(19KD) % 0ON

SUToKQ) =0T sUP)*EN+OLTsKQ) #Co
754 S(1sJP)=D
50 A(JP s JP)I=HOLD L
ACKQsRGI=HOLD?2
ALJP oK) =Ua U



g Uy
~1 O

Yy ("

&9

Lo LY W
] 3 &

-3~
SN CS I

.
C

3072

il
C.
~1
s

3C75
3008

LG 55 I=1sN
ALJP sl 1=A(1 s

P

ALKGs [ )Y=A]1KQ)

IF{JP—-KG+1) 5
Jr=Ji+

G0 TO 23
IF(KG~N) 608
Riw=KG+1

GO TQ 22
IFUINDICIEL 96
INDIC=C

GO TO 21
IF{OFF=VF) 65

VE=VF/71C. 0

GO 70 21

END OF DIAGON
PRIMT SUBRGCU
S0 3008 J=1 a7
PRIMNTISsAlUJ
00 3uuB8 i=1sN
I+ (N~I-3) 3v
it (N=1-2) 30U
IF (N=I-1) 3C

Ts5%sH0Q

Zebh

L4e263

265969

ALTZATION SUBRNUT INE

TinD Far EIGE

)

s 4
739307223072
75930743074

NVALUES

ANU

CIGENVECTNRS

PRIMTZs S{IsJ)sSUI419d)s3{i4200)95(1+532U)

GO TO 34U8

PRINTZ 95{1sJ1e35(I4+19J)s0(1425J)

GO TO 3005
PRINT 2 5t
GC TO 30uB
PRINTZs S{1eJ
CONTINUE

END OF PRINT
PAUSE

GoTel

EMD

s J)sSUI+1sJ)
)

SUBRUUTINE

B6
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1009 S P BURLEY PHYSICS DEPT PHONE 293 37
IRANSITION AMPLITUDES FOR BENIIOQIIE SPECTRUM

READ VECTORS COLUMNWILE IN REAL FORM
DIMENSIONTALGE26)siBlEss)sICigse)sViges)

DIMENSIONEY{696)

READ o1

DO2J=1s6

D02I=1+6

READsSVI(IsJ)

DO3J=1s6

DO31=196

TD=5QRTFI5 )% (V2T )%V (1) +VI6s1)%VIBs))

TE=SQRTF (8 )# (VI35 )%V (25 ) +VI5sI)%VI4oJ))+3e%VIi4sI)%V(3s])
TALI»J)=TD+TE
TF:—Z.B%V(lQI)%V(laJ)u1.5%V(2;I)%V(ZsJ)wu.S*V(Bal)%V(B,J)
TG=U.5*V(4g1)*V(4;J)+1.5%V(5,1)*V(S,J)+2.5*V(6,I)%V(G,J)
TB{IsJ)=TF+TG

TR=SURTFI54)1#IV Lol ) ¥V I2sJ)+VIBsI)%¥Vigsy))
[o=0QRTF(8e)¥(VI2s1)%V I3 )4V 4] )%¥V (B0 ))+3a%¥V I3[ )%V Iidsy)
[C(IsJ)Y=TR+TS

EY (I oU)={{TA(TI o J)=TClIsJ))/2s)%%D

FORMAT (3UH1 T+ MATRIX H =F6+0)
FORMAT (3UH2 TO MATRIX H =F6.0)
FORMAT (3UH2 T— MATRIX H =F6.,0)
FORMAT (3UH2 EY MATRIX H =F640)

FORMAT (14 6F1U.5)

PUNCH12 9H

DO21J=196
puNCH15,iA(J91),TA(J,Z),1A(J,3),FA(J54),1A(J,5),TA(J,6)
PUNCH13sH

D022J=1s6
PUNCH159IB(J91)9[B(J92)515(J93)9iD(J94)sz(J95),lB(J;é)
PUNCH14 sH

D023J=196
PUNCH15$TC(J91)9TC(J92)QTC(J;B)sTC(JaqiaTC(JsR)sTC(J96)
PUNCH16 s H

D024J=1s6

PUNCHL1S52EY (U1 ) sEY(J92)sEY U3 )oYt o4 s (Usg)sbEY(Jsg)
GOTO1

END



B8
~ o UUsGO
—e UG TH

2 HY

X

o
—.‘
[

o 771 i

~s e (SO

i~

N
[
o~

o
O
N

8o
e
jEa
<«
D

i~
[
-
IV
N

L]

Y
m

o2

[Ca

le

-
(¢
et
(S}
o

)
«w
[

~

€
[
=
[sa]
M

S}
=

23}

<
£
O
(@]

.

e HBL4

-~
P

-

i~
[
ol
o)

L]

o
[d))

o

PR % Wy

O

(A

Y

[

<

(@]

1SN
-

()
D
.

S

B o
O N
(R ERNe}
O N
0D
e ®
b
[SA s ]
oy T
O -
r=
DO
e o
o
Ny
2 0
AN
)~
[ I &
o o
i
~ -F
€D
[SS T Vo
e
e~ ot
e o
§ o
1
O N
I~ D
= &
DD
NN
o o
L
oD
F e~
N P~
w0 D
[N
o o
4

Lo

e J1 3

)
)
o
N

[l

N
N
wy
W
~F

=

I
~3

(&)

Wy

(e8]
o
Cr
O
L]

I

-

(O3}
L]
et
I~

3

L
[Fa
2
[t

o+

od

I~
]

¥
L
Y
4

<

i

O
Y

<

(a3

v

1
[¢9]
iy

<

£

o

O8]
@V
(%]
~
[

-
[QN

“
[

e
=

! ™7 5
1L oe L

-

=

=
(@]

-~

il ]
e Oty

el
[@N]
O
€3
L]

Pa=
w
-
A

[QVpEtel
— D
M~ <G
OO
3«
s o
i
[eXw]
[SRRRV]
WY et
- N
DO
LN
}
D
O O
o0 e
Sy N
<M
* »
i
ot I~
d (A
N el
[faRaNe}
ot
* L]
P o
[SATE S
oY
v U
~F o
Nt
. *
I -
!
NS
[ I
+
= N
byl 6
e °
S
|

-

3
(o)
5

TN

[89]

=i

[N

[

(&)

-1,

- 27714

£
o]

(b
o
Ny

roed

-

-

-

{2

oo

(S

I~
< T
U LS
o
[QV
* e
IR Y]
|

[V €
3O
Oy i
O O
~F O
* @
rd -
i
[t R}
<o
™~
Y i~
o
]

P~
€y r+
LIS
o O
~NCD
e o
-~ nl
LN D
[N
d -3
73 O
¢ @
i
jas NS}
S o
N
OO
(@ N e
*
i1

TLA

3

i

MAT

i

Y

o
[

«00CC2

A

«00UG6

s LUOWLL

[t

e
-
L.

(&

N
[QV

pe
<

{42

2 C0037

i
w2
(o]
mvy -

—
eI

B <

w
2e2P0R¢

« 295502
» 20000

228084

o Q
O
O o
[ RN &
O™

o

[TaNNve]
L B
a N

M~

M

4
VIO

U
o

WD

® L

o

g%

220000

NS
(S
o

0
2
(&
[

<
[

(@)

[¥y)
(@]
O
[63)

.

=t

PRSI

s 81

[ ] OOL’ b

D
O
O

O
.



-

14

109 & P BURLEY PHYSICS DEPT  PHONE293 B9
LINE POSITIONS FOR MN++ IN SMIIHOSONITE
DIMENSIONH {596 ) sHA{B 6 ) sHB (B8 ) sHC(H596)

FORMAT (36H RESONANCE VALUES OF H)
FORMAT(6F83.1)

FORMAT(2HG=F9 o4 )

FORMAT(2HD=F843)

FORMAT { 3HAF=F843)

FORMAT(3HAA=F8,3)

FORMAT (2HA=F843)

FORMAT(2HX=F843)

READsGsDesAFsAAs A9 X

C=T14e453%X/G

E=2U 4 ®AAX%2 /(27 ,%C)

DO3I=1s5

DO3J=1s6

pP=1

Q=J

R=6-2%*]

S5=~3.5+Q

T=P%%2-6e%P+35,/4,

HALT s J)=C—R¥D=A*S—A%%2/ (2 ¢ %#C ) ¥ (35 ¢/ 4 e —S#X24+S5%R )
HBT 9 U) =—A%%3/ (2 %Cx%2) # (D o % (8o75=5%%2 ) ¥R=5%(2,75-3,%[=24))
HCUT o) =A#% 24D/ CH % 2% {35 ¢ /4 o =0#%2 ) #R=-5%(35 4/l ¢~T~14))
DO4J=196
HEL1sJ)=HAULIsJ)+HBU1s ) +HC (19 J)+4 e/ 3 e ¥AF~E
H25J)Y=HAL2 9 ) +HEB (29 J)+HC 25 J ) ~5 4/ 3 o ¥AF+E
Hi{3sJ)=HA(3sJ)+HB(3sJ)+HC (39 J) =2 e*E

H{4 o J)=HA(L4 s J)+HB (4 s J)+HC 4 9J) +5 e/ 3 o ¥AF+E
HI5sJ)=HA(S s J)+HB (59 J)+HC (59 J) =44/ 3 o *AF~E
PRINTS

DO71I=1+5
PRINTEsH(Is1)sH(I52)sH(Is3)sH(Is4)sH{Is5)sH(Isp)
PRINT8sG

PRINTS D

PRINT1OsAF

PRINT11sAA

PRINT1IZ2sA

PRINT13sX

IF(SENSE SWIITCHLI) 1914

STop

END
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APPENDIX €

Theorems from Reprosentation and Transformation Theory.



C1
Representations of the Double Group CJ,

The characters of the irreducible
representations of the double graup_cj are tabulated
below, together with the characters of the representation
of the group generated by the six substates of & term
vhose angular momentum is 5/2, (see €«g. Ballhsusen

{1962)).

2 - - - 2
c : c
E 65 3 B [ 33 3
1 4 4 ;| 4 4 1
T2 1 o -ty 1 w® -
T3 1 -7 o2 1 -gy w?
Ty ] w w® -1 g -7
P 5 4 - -ty -1 o o
76 4 - 4 -3 k] -4
x(¢)5/2 6 o 0 -6 0 0

oy

Here B = Lw, B = 2w, 65 = 27, 53 = B etsc., and & = exp(iw/3).
3
Hence we can find which linear combinstions we
can make of the six substates of a term whose angular
momentum i3 5/2 such that they form bases for irreducible
representations of GB by use of the group theory formula:

N

4 *
c; = EEZ(G)!i(G)



where C, = the aumber of times the ith., irreducible

: representation is contained in the original
representation,
:1(G) = the character of the ith. irreducible
repregentation,

x{G) = the character of the representation
generated by the original basis,
& = the order of the group (6 in this cese).
(weyd (1931)).
This implies that the irreducible
representations of 63 contained in functions transforming
like those corresponding to an angular momenium of 5/2 are:

T+
2P4 + 2 5.+ a2r

6 °
These represent the symmetry types of the
wavefunctions 6orresponding 4o the Kramers doublets in
the absence of any applied magnetiec field. We can
allow for perturbations by an applied magnetic field by
an operator H, = FH.(L + 2§) which gives a secular
equation in terms of motrix elementa of the form
<P31FH11P42> etc, (where we distinguish between the pairs
of irreducible representations T by upper indices
1 and 2 ).
We can simplify these matrix elements by
into parts which transform irreducidbly

394,55

decomposing H1
under the operations of the group and then making use
of the orthogonality relations betwesen the basic

vectors of such representations., Thus for C. we note

3
that 3

by * 25,  transferms like r1,



c3
(L, + 2sx} --5.(:.,y + zzsy) transforms like T,
-(Lx * zsx) ~-1(L;y + 2Sy) transforms like Tj.
Then we slso note thatf<raf311r5> = 0O unless it is
invariant under all symmetry operations of ¢ s lees
unless ra x PH? x Pb contains the tatalli 3ymmitr;o
H1 Fa & rb
where the asterisk represents a complex conjugate,
(Ballhausen {1962)). We can check this condition by
cbservation of the following table of the direct
products of ra* % rh s

representation. This ocours only when T

r, B r,
: T
_ r, ) B r,
£ 3
Ty r, T, S
. *
3 r, B, r,

One further way of reducing the number of
independent matrix elements is to make use of the time
inversion anti~symmetry (Wigner (4932)). This is
particularly simple in this cmse where only one
dimensional representations appear. We have an odd
number of electroms so Wigner's arguments show us
that 3

1) Yhen T is a real representation, it occcurs in
a paired form whose eigenfunctions have the
same eigenvalues,

2) tWhen T 4is s complex representation but T 4 I's
then I and T'* each have the same sigenfunctions



3)

and eigenvalues ss some other irreducidble

representation,

¥hen I' is complex and T = I'* there are no
degeneracies.

CL



€5
Sphericel Harmonics and Representations of the Rotation
Groupe.

The spherical hermonic funections r Y? form
o

the basic vectorsd of the irreducible representations
Bg(R) of the full rotation group R, (¥igner {1960)).
Hence an orthogonal transformetion of any ons spherical
harmonic polynomisl preduces snother polynomial of the
same degree which is a linesr combinstion of all the
spherical harmonics of tﬁat degree, i.2.
R(qu)rgyz(e,¢) = Zn b, (afy) , rﬁ?g‘(9,¢),

n¥ta=d

m

where (qﬁy) are the Euler angles of the transformation and

ga(qﬁy)!,m are the elements of D,.

The first two single~valued irreducible
representations of E are of considerable use in
transformation theory. Thus Be(qﬁy) = 1 and represents
the transformation formula for a scalar, such as

5(8S + 1)« Ve also have D, given by :

a—iae‘iy(1+aoaﬁ)/2, -e“iﬁ(sinﬁ)/VQ, e-iaeiy(1~ccaﬂ)/2

e-iyainﬂ/vé . cosl . —eiyainﬁ/fz

eiae-iy(i-coaﬁ}/z . eia(sinﬁ)/fz = eiaeiy(1+ooaﬁ)/2

which represents the transformation formula for a vector
r when its components are written in the form ¢

T‘a; = (x + iy)/‘fz »
€ = %,

o : )
T4 = ={x - 1y)/V2,




té
In this project it was desired to transform anslogous
soaponents of §

Ld

vis S* = Sx * 1sy $ Sz » B_ = Sx - 18

y &
by e transformation described by the Fuler anglesa
{0,90,0.), 3y substitution inte the equation above
we sce that this corresponds to the trensformation
formulae @

These formulae give a straightforward {(although
rather lengthy) methed for transforming the Spin
Hemiltonian polynomisl (in the components of B ) from a
system where the 3 axis is perallel to the ¢ axis of &
orystal to one where the 8% axis 1s parallel to the
original x axia. Thus if we heve the term describing the
cublic component of a trigonal field expreased in a systenm
where the z direction is parallel to the 33 axis, and
¢ 1s chosen to be zero, viz :

{z s’?’8(34-3 - S~3) Ly (S+3 s §~3)Sz .! ’

0N

then we obtaein the expression given on the next page :



'—.a. 8,2 l‘/ 1201 v’ (J,ﬂ’ .-2 s 4(‘12
21‘.[ 2 - st* + 23@ uzﬁ‘- -+ 2u+ozs* L 3 29_Szu_

-28°8"8°8" - 28’878 8" - 285§ % - 285858
+ - 2z 4 -4 5 - + & = -t 4 -

Pl

+5.8° 4 8827 4 8235 o 508

Z + Z2 - + z

. Id L ” iz = - -~ ‘/k/ o - ” - e oy «
5,8,8.8, - 8,888 ~ 8.8/5.8, - 5.8 5§,

o
.ﬁsssg-s‘s,s?.. 24 = 2
5= 4 2 - + V=g - 4"z
.- .
58 78
UL P Y Y R. Py 274 V= g7~ Y4

C,}!’ 13 i /3 Q’B g t{}_z ]
+&u*Sz + AS-SZ * #“z S+ + #uz,S_ *

on applying the transformation given above,

€7



c&a

Inveriance Properties of a Hemiltonian Matrix Under 8

Unitary Transformation.
Following Parker and Brown (1959) we note that
if a sscular equation :

| n,, - 5, ,E|l =0

ij J

is expanded in the form :

® . c,a”“’ + 623“’2 +een s+ C =0

61 = ~§ Ei
¢, =% 3§ EF,, (i<3)
=43 (8,)% 4 3@z 8)°

where Ei j represent roots of the secular equation.
¥

Under a unitary transformation, the 01 5 are
f
invariant and may also be uritten :
¢, = -§ LI (where Mii is the 1x1 determinant

from row i and column j of H),
¢, = % g Hid (i, § and ﬁij is the 2x2 determinsant
formed by the intersection of rows

i,5 and columns i,J of H),

Hence we sce that @

YE =% 4,
=% By (1)



Go
and g 5
¥ (Ei) = (g ﬁ.i) - 2% 3 s

i

=3 (1,)% - 23 g (M Hyo - 8 B, ), (1<),

-

For a Hamiltonisn nmatrix this becones
— 82 2 e e pia 2

Equations (1) and (2) are used es checks on the computed
values of Ei' Using the form of the constants used to
erect the 12x12 maetrix in Appendix B1, equation (2)
shows thet the sum of the squares of the eigenvalues
must be given by @

12
5 (8,)% = 1s87% 4 562° - 8x° 4+ 14087

1=1
Equation (1) shows that the sum of the eigenvalues must
be the same as the trace of the original matrix.
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